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ABSTRACT
A series of premixed, laminar, one-dimensional 
Cf^C^/CH^/air flat flames have been studied to develop a 
better understanding of the combustion characteristics of 
toxic chlorinated hydrocarbons. A facility capable of 
sustained operation in the highly corrosive environment
associated with chlorinated hydrocarbon combustion was 
developed for this study. This facility and the gas
chromatographic procedures for the analysis of and C 2 
hydrocarbons and chlorinated hydrocarbons in combustion 
products are described in detail. Stable species mole
fractions and temperature profiles for a series of six
flames were obtained at 750 Torr with uncooled quartz 
microprobes and fine gage thermocouples. Equivalence ratios 
were varied from 0.77 to 1.10 and the Cl/H ratio from 0.062 
to 0.72. The data indicated that the flame zone has the 
potential for 99.99% destruction of the waste under both 
fuel rich and fuel lean conditions. This implies that 
postflame processing and the use of high levels of excess 
air may not be necessary provided the waste is adequately 
vaporized. The importance of Cj hydrocarbon and chlorinated 
hydrocarbon chemistry, and hence the potential for Products 
of Incomplete Combustion (PICs) and soot, increased as the 
chlorine loading increased. Two distinct types of 
intermediate behavior were observed suggesting that there
xili
are two paths which lead to PIC breakthrough in an 
incinerator: one of which would be dominant under transient 
conditions and the other during stable operation. 
Chloroform was the most stable chlorinated intermediate 
detected and was found to exhibit a high PIC potential 
under all but rich conditions.
xiv
CHAPTER I 
INTRODUCTION
A. THE HAZARDOUS WASTE PROBLEM
The management of chemical hazardous wastes has 
become a central environmental issue of the 1980's. Both 
the large number of abandoned waste sites on the United 
States Environmental Protection Agency's (USEPA) Superfund 
list and the cost of their cleanup are stark reminders of 
the consequences of inadequate hazardous waste management. 
As of 1985, there are 785 sites on the Superfund list and 
an estimated 22,000 are eligible. In addition, the 
Superfund program could cost in excess of $100 billion 
dollars over the next fifty years (Trend Toward
Incineration..., 1985).
Initial estimates had indicated that in excess of 90 
- 110 million metric tons of hazardous wastes were
generated annually in the United States (Olexsey, 1982). 
However, recent estimates indicate that in excess of 246 
million metric tons were generated in 1981 alone (EPA
Hikes..., 1984). Since traditionally most wastes have not 
been detoxified but have been placed in one form of 
storage or another, the magnitude of the hazardous waste 
problem must be viewed in terms of both current and 
previous generations. It is clear that the significance 
of the hazardous waste problem can be attributed to both
2increasing estimates of current waste generation and the 
inadequate processing of past generations.
B. BASIC TREATMENT/DISPOSAL PRACTICES
The basic control and disposal strategies used in the 
management of hazardous wastes are given in Table 1.1. 
These may initially be divided into practices which 
actually convert the waste into nonhazardous products and 
those which serve as either temporary or permanent 
storage. The most attractive method is, of course, 
resource recovery since a usable raw material is 
generated. However, this method is limited in scope to 
those wastes where an economically viable recovery process 
has been developed, and the feed waste has the appropriate 
composition. Chemical treatment and land treatment/solar 
evaporation, which also convert the waste to nontoxic 
components, are also severely restricted to wastes of a 
particular composition and concentration. Secure landfills 
and deep-well injection, which accounted for 47 percent of 
the waste disposal in 1980, were the least expensive 
alternatives in 1980. However, forthcoming regulations and 
the potential longterm liability of storage technologies 
will restrict their use. Incineration, while the most 
capital intensive option, appears to be the preferred 
hazardous waste management strategy since it is applicable 
to a wide band of organic pollutants, it detoxifies the 
waste, and it has the potential for recovering the heat of
Table 1.1. Basic Treatment/Disposal Practices, Estimated 1980 Costs, and Percent 
1980 Disposal (USEPA, 1980a)
Practice 
Chemical Treatment
Resource Recovery
Incineration
Deep-well Injection
Secure Landfills
Land Treatment/ 
Solar Evaporation
Definition
Chemical, physical, and
biological processes which 
either transform the hazardous 
waste into a non-hazardous 
material and/or reduce the 
volume.
Closely related to chemical 
treatment. Distinguished in 
that the waste is partially 
transformed into a saleable 
raw material and a non-
hazardous waste.
Thermal degradation of solids, 
liquids, or gases to yield
carbon dioxide, water vapor 
and inert ash as the primary 
outputs.
Pumping of liquid waste into 
underground porous formations 
isolated from potable water
and mineral-bearing structure.
Land burial operations which 
have barriers and leachate 
collection and monitoring 
systems.
Biological treatment through 
soil incorporation.
Estimated % of 
1980 Disposal
30
6
6
11
36
8
Range of 1980 
Reported Prices 
($/metric ton)
15-500
50-200
50-1000
15-100
20-400
5-25
combustion of many wastes.
C. REGULATORY PROCEDURE
In an effort to regulate the disposal of all 
hazardous waste, the Congress of the United States enacted 
the Resource Conservation and Recovery Act (P.L. 94-580,
1976) in 1976 which required the USEPA to establish 
disposal guidelines. The development of the concept of 
the principal organic hazardous waste (POHC) followed in 
the interim final RCRA incinerator regulations published 
in the June 29, 1982 Federal Register (USEPA, 1982).
POHCs are defined as the component or components of the 
waste stream which are to be monitored in the stack 
exhaust during the permitting process. They are selected 
from the so called Appendix VIII compounds (USEPA, 1980b). 
The permit procedure requires that a trial burn be 
performed during which the operator must demonstrate a 
minimum 99.99% Destruction and Removal Efficiency (DRE) of 
the designated POHCs in the waste stream. DREs for a 
particular POHC are calculated on a mass basis from the 
analysis of the waste feed and stack exhaust by:
DRE = (1 - POHCQut/POHCin) * 100 1.1
In lieu of a trial burn, data may be presented to confirm 
a 99.99% DRE of the designated POHCs. In addition, these 
regulations limit the particulate emissions to less than
50.08 grains/dscf of particulate corrected to 7% molecular 
(>2 in the stack gas, and require the removal of HC1 to 1% 
of the uncontrolled emission or 1.8 kg/hr HC1 stack
emission, whichever is greater.
During July, 1984, the Congress passed a bill which 
subsequently became law during October of 1984 to
reauthorize RCRA (Amendments..., 1984). The most
important change involves regulations associated with land 
disposal of various wastes. Under the new regulations, 
the land disposal of specified hazardous wastes is
prohibited, excluding those wastes for which the USEPA has 
determined that land disposal is 'protective' of human 
health and the environment. The USEPA, in determining 
wastes eligible for land disposal, is considering the 
persistence, mobility, toxicity, and bioaccumulation of
the waste, as well as the potential effect of the waste on
containment materials. In effect, the new regulations 
will, over a period of 2-3 years, severely restrict the
volume of wastes which may be disposed of using
conventional land disposal strategies. The new 
regulations additionally require the USEPA to identify the 
wastes that the Agency categorizes as hazardous. Such a 
list must define hazardous characteristics such as 
toxicity, in addition to those already identified in RCRA. 
In summary, the new bill extends RCRA's authority by: (1) 
reducing the small quantity generator exemption from 1000
6to 100 kg per month; (2) banning certain wastes from land 
disposal; (3) regulating the use, cleanup and monitoring 
of underground storage tanks; (4) requiring landfills to 
be fitted with double liners and leachate collection 
systems; (5) requiring all RCRA permit applicants to 
certify that programs are being established to reduce the 
amount and toxicity of wastes being generated; (6) 
requiring inspection of facilities at least once every two 
years and; (7) regulating the blending and combusting of 
waste fuels that contain hazardous substances.
These new regulations represent the beginning of much 
stricter policies which will be imposed regarding the 
disposal of wastes utilizing conventional landfill 
strategies. Incineration will play an increasingly 
important role in the disposal of organic hazardous wastes 
as these restrictions are imposed.
D. INCINERATION PROCESS
Globally, the incineration process involves the 
conversion of organic waste materials to COg* HjO, and low 
volume inert ash material via high temperature oxidation. 
In the case of halogenated waste incineration, significant 
quantities of hydrogen halide acid will be formed, and if 
the waste contains dissolved minerals, certain salts may 
be included in the particulates. This conversion from a 
more detailed analysis is complex, involving the
7interaction of a number of chemical, thermal, and fluid 
dynamic phenomena (Miller et al., 1984a). Generally, the 
process can be subdivided into the following regimes:
Regime 1: Combustion of fuel (waste and or auxiliary
fuel) and oxidizer in a flame front.
Regime 2: Fuel reactions with a limited quantity of
oxidizer. For example, this occurs in the
central core of a liquid hazardous waste 
burner.
Regime 3: Reactions of fuel with sufficient quantities
of oxidizer but below the ignition
temperature. This occurs when some of the 
fuel is mixed with hot oxidizer and
combustion gases.
Regime 4: Postflame reactions of fuel and combustion
intermediates in the high temperature region 
downstream of the flame zone. Generally, low 
concentrations of fuel and intermediates are 
present in a bath of final combustion
products and excess air.
High rates of destruction are expected in Regime 1 where 
the waste is subjected to both high temperature and
radical attack. Within Regime 2, pyrolysis will occur and 
may result in the production of high molecular weight 
compounds or even soot, which must be destroyed in other
8zones. This production will not be prevalent in Regime 3 
due to the sufficient quantities of oxidizer. In Regime 
4, the temperature is high enough for ignition, but the 
concentrations of fuel and intermediates are too low to 
support a flame. However, this region may be critical to 
obtaining 99.99% DREs. While the rates of destruction in 
the flame zone are very high, the residence times are 
generally short. Additional destruction in the postflame 
zone (Regime 4) is thought to be necessary to satisfy 
regulatory guidelines. In addition, a number of hazardous 
intermediates may be generated in the flame zone. Should 
conditions in the postflame zone be inadequate to ensure 
intermediate destruction, these intermediates would be 
emitted and designated Products of Incomplete Combustion 
(PICs). While PICs are not directly addressed in the 
regulatory process, they are receiving considerable 
attention from both the public and the scientific 
community (Trenholm et al., 1984b; Senser et al., 1985b).
Current regulations do not ensure that a permitted 
incinerator will constantly meet the minimum designated 
POHC DRE of 99.99%. Once the incinerator has passed the 
permitting process, generally only the standard combustion 
products (CO, C02, 02) are regularly measured. Neither
during the trial burn nor during permitted operation is 
the monitoring of PICs required. Since many PICs may be
9more hazardous than the original POHC, this has been an 
area of indirect public criticism. The shortcomings of 
current regulations can be attributed in part to the lack 
of fundamental combustion knowledge of hazardous wastes. 
Simple, reliable, inexpensive, and direct methods to 
monitor POHC destruction have not been developed for
continuous sampling. Even the identity of the most 
probable PICs is not known for most hazardous wastes. The
development of realistic regulation criteria, which are
both practical to the incinerator operator as well as
protective of the general public, will certainly be 
assisted by a more detailed understanding of the
incineration process.
Since the lack of fundamental understanding has 
limited the predictive capability of incinerator models, 
incinerators have been overdesigned traditionally and 
operated at less than optimal conditions. In order to 
ensure adequate destruction, residence times have been 
kept long and temperatures high resulting in larger, more 
expensive incinerators with higher operating fuel costs. 
Even a qualitative insight would assist in the empirical 
optimization of design and operation. In addition, this 
lack of understanding may be one reason that the 
incineration strategy is not being widely adopted as a 
result of oftentimes misguided public concern.
In spite of the fact that incineration has become the
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preferred management alternative for organic hazardous 
wastes (Oppelt, 1981), there is a lack of a fundamental 
understanding of the process. This lack of understanding, 
which can be attributed in part to both the complexity of 
the individual phenomena occurring within an incinerator 
and the complexity of their interactions, has hindered
incineration regulation, design and operation.
E. GOAL AND OBJECTIVES
The goal of this work is to develop a laboratory
scale facility and experimental procedures capable of 
providing more fundamental combustion knowledge of a 
select class of organic hazardous waste materials: the
chlorinated hydrocarbons (CHCs). The CHCs were chosen for 
study since they comprise approximately one third of the
priority organic pollutants (Cudahy et al., 1981) and the
utilization of existing CHC incineration capacity is near 
100 percent; indicating a growth area (USEP.A, 1980a) . The 
primary sources of CHC wastes are solvents, aerosols, and 
pesticides. In particular, dichloromethane (CH2CI2) was 
chosen for initial study for the following reasons:
* It is a priority pollutant and is found in many
industrial hazardous waste streams.
* It is a liquid at ambient conditions and its
successful study will verify the capabilities of
the facility to generate stable combustion with
11
liquids.
* The structure is relatively simple and analagous
to CH^, which has been well studied.
* The Cl/H ratio is sufficiently low that sooting
conditions may be easily avoided as the ratio of 
CHgClj to CH^ is increased.
* The Cl/H ratio is sufficiently high that flames
with a bluish-white afterburning region can be 
obtained. This bluish-white region may indicate 
the presence of a two-stage combustion zone as has 
been reported for other CHC flames (Bose and 
Senkan, 1983). Such a phenomenon is not observed 
with CH3CI.
* The CH2CI2 thermal destruction data currently
available in the literature have drastically over 
predicted CH2CI2 destruction in incineration 
modeling (Clark et al., 1984).
An auxiliary hydrocarbon fuel is required to avoid 
sooting conditions with CH2Cl2/air combustion. Methane 
was chosen since it is the parent hydrocarbon and is the 
primary component of natural gas which is used in many 
incinerators.
The goal will be obtained by meeting the primary 
objectives of the research. These are to:
* Develop a one-dimensional laminar, flat flame
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facility capable of sustained stable operation 
with CHC feed stocks.
* Develop procedures for the determination of 
temperature and stable species profiles.
* Determine the primary lower molecular weight
stable intermediates produced within
GH2c^2/CH4/a^E flames an<^  evaluate their potential 
as PICs.
* Investigate general characteristics of
CH2Cl2/CH^/air flames such as luminousity, two- 
stage combustion and the correlation of net CO 
consumption with the destruction of CH2C12 and 
primary stable intermediates.
* . Provide data for the verification of detailed
kinetic models and provide insight into the global 
modeling of CH2C12 destruction.
CHAPTER II
LITERATURE SURVEY
While hydrocarbon combustion has been the subject of 
considerable research for centuries, hazardous waste 
combustion has received attention only recently. 
Incineration was recognized as a viable management 
alternative for organic hazardous wastes in the early 
1970's; consequently research was initiated on hazardous 
waste combustion. The body of knowledge is increasing 
rapidly as the magnitude of the hazardous waste problem is 
documented and research strategies are recommended 
(National Research Council, 1983). In addition, previously 
acquired knowledge on hydrocarbon combustion, such as 
diagnostic techniques, modeling approaches and studies of 
flame inhibition and pollutant formation, can be applied 
to hazardous waste combustion.
There have been three general reviews on hazardous
waste combustion. The first is, as its title states, an
overview of laboratory and bench scale hazardous waste
incineration research (Lee and Huffman, 1984). The second
is a synopsis of various full scale, USEPA supported
incinerator tests (Oberacker, 1985). The third, a Ph.D.
dissertation by Miller (1984), contains a broad survey of
incineration from full scale to laboratory studies
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including modeling efforts. Extensive use of these reviews 
was made to assemble this chapter.
The literature survey has been divided into three 
major sections. In the first, a discussion of experimental 
results of full scale incinerator field audits, pilot 
scale incinerators, and laboratory studies is presented. 
The modeling of both full and pilot scale incinerators, as 
well as the modeling of laboratory results, is the subject 
of the second. In the third section, literature pertinent 
to the development of a flat flame facility and the 
sampling techniques used to study CHC combustion will be 
discussed.
A. EXPERIMENTAL RESULTS
1. Full Scale/Pilot Scale
Combustion in open flares and high heat release 
burners has been used as a processing technology for waste 
liquids and gases for many decades (Kiang, 1977). As more 
stringent requirements were placed on stack emissions, 
modifications and additions were made to control these 
emissions, and the development of hazardous waste 
incinerators began. Initial studies with hazardous wastes 
were performed by boiler and incinerator manufacturers to 
determine the applicability of their existing equipment to 
hazardous waste incineration (Santoleri, 1973; Kiang, 
1977). In an effort to maximize the return on investment
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of incineration facilities, techniques were employed for 
both energy and resource recovery (Santoleri/ 1975; Kiang, 
1976; Santoleri, 1981). Combustion efficiency and 
destruction efficiency based on total hydrocarbons 
(organic waste and auxiliary fuel) were initially used to 
determine incinerator performance. Waste DRE was not used 
since there were no well developed sampling and analytical 
methods (Kiang, 1980). In addition, case studies for five 
pre-1981 USEPA monitored incinerator tests have been 
presented by Oberacker (1985). These studies demonstrated 
that DREs of 99.99% were possible under proper operating 
conditions. However, the need for improved sampling and 
analysis techniques was noted.
In order to verify the permitting procedure which was 
developed in response to RCRA, the USEPA supported an 
extended series of full scale incinerator tests on 
Cincinnati's Hamilton County Municipal Sewer District 
industrial waste incinerator in 1981 (Ananth et al., 
1983). This was the first full scale verification of the 
trial burn protocol developed by the USEPA. Since this 
study, numerous other audits of incinerators, co-fired 
boilers, and cement kilns processing hazardous wastes have 
been performed (Oberacker, 1985; Hall et al., 1983; 
Whitmore and Barden, 1983; Hunt et al., 1984; Peters et
al., 1984; Rickman et al., 1985). While these audits have 
indicated that waste DREs of 99.99% are possible under
16
design
include
*
*
conditions, a number of questions remain. These
»
COST - The permitting procedure is expensive. 
Trial burn investigation of incinerators, whether 
small or large, can cost between $50,000 and 
$150,000 (Oberacker, 1985). This is due to the 
extensive amount of chemical sampling and 
analytical work required.
PICS - Significant levels of PICs have been 
detected in incinerators and co-fired boilers 
operating at DREs of 99.99% or better (Castaldini 
et al., 1984; Trenholm et al., 1984a). In general, 
PIC concentrations were one to two orders of
magnitude greater than the POHC breakthrough. The 
particular identity of these PICs is heavily 
dependent on the the identity of the POHCs. In the 
case of CHC incineration, the PICs listed in
Table II.1 have been identified. Total PIC 
emissions did generally increase as DRE decreased.
CONTINUOUS MONITORING - After the permitting 
process, only standard hydrocarbon monitoring (CO,
C02' °2  ^ *s required on a continuous basis.
\
Appropriate control parameters which ensure high 
DREs and low PIC emissions, and for which
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Table II.1.
POHC 
Select CHCs
CHC Mixture
C^Hi-Clr CC1. , 
172-C^H .Cl2 
CHC1,
Chlorinated Hydrocarbon PICs Detected in Full 
or Pilot Scale Incineration
PICs
CH,C1, CH2Cl2r CHCI3
iV^J. ,'2v'J-4
C-HCl
CH3CI, CH2Cl2f CHCI3
c 0f l c i , f c 2h2ci,
Varied Mixtures CH-Cl, CH2C12, CC14 
(Actual Waste CHCI3 (most common;, 
Streams) C 2HCl3 , C 2C14, CgHgCl,
-Hc (most common) ,^ 2‘C6h6C^HcCl,, C/-H0CI0 f
ifi?i-2 2H 3Si| 3
Reference
Castaldini, 
et al. (1984)
Peters et al. 
(1984)
Wolbach (1984a)
Trenholm et al. 
(1984b)
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realistic continuous monitoring techniques are 
possible, have not been identified. The use of 
CO as a real-time indicator of DRE in hazardous 
waste incineration has come under question 
(Staley, 1985). While the use of surrogate tracer 
compounds would reduce the analytical complexity 
and shows promise (Mournighan, 1984),
considerable fundamental work remains in 
determining the appropriate surrogate compounds 
which are more difficult to destroy than the POHC 
and which, through their destruction, will insure 
low PIC emissions.
* OPTIMIZATION - While current incineration
technology is capable of 99.99% DREs, optimization 
of design and operating conditions is just 
beginning. Typical operating characteristics for 
incinerators meeting regulatory requirements have 
been compiled by Oberacker (1985) and are 
presented in Table II.2. The fact that regulatory 
requirements can be met under such a wide range of 
operating conditions indicates that there is 
considerable room for optimization. Much of the 
lack of optimization can be attributed to a lack 
of a fundamental understanding of the incineration 
process.
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Table II.2. Typical Operating Characteristics of
Incineration Meeting Regulatory Requirements 
on Destruction and Removal Efficiency 
(Oberacker, 1985).
Combustion Chamber 
Temperature Level:
Residence Time:
Excess Combustion 
Air:
Stack Gas Composition: 
02 :
CO:
CO 2'
Total Hydrocarbons:
Stack Particulate 
Emissions:
Units Without 
Control Devices:
Units With 
Control Devices:
1100 K to 1800 K
0.2 sec to 6.5 sec for gases and 
liquid/vapors
several minutes to 1/2 hour for 
solids/sludges
60 to 130 %
8 to 15 %
6 to 10 %
0 to 50 ppm (with rare exceptions
up to 500 ppm or more)
0 to 5 ppm (with rare exceptions 
up to 75 ppm or more)
60 to 900 mg/dscm 
20 to 400 mg/dscm
20
2. Laboratory Studies
Laboratory scale studies with CHCs have been 
performed in nonflame reactors, shock tubes, and flames. 
These studies reduce the complexity by eliminating one or 
more of the physical phenomena found in full scale or 
pilot scale investigations. By simplifying the process, 
insight is gained, which would otherwise be masked by the 
complexity of full scale incineration. However, through 
this elimination the problem of how to interpret 
laboratory results in the context of full scale 
incineration is introduced (the scale-up problem).
The review of laboratory studies has been divided 
into shock tube, flow reactor, and flame studies. The 
focus has been concentrated on the CHCs and in particular 
the C^ and Cg CHCs.
a. Shock Tubes. A summary of the shock tube studies is 
presented in Table II.3. With the shock tube, reactant 
mixtures can be subjected to a near instantaneous step 
increase in temperature and pressure. The reaction time is 
generally so short that transport effects can be neglected 
during the reaction time. Hence, wall effects are less 
important and chemical kinetic modeling of shock tube 
results is greatly simplified. However, their utility is 
limited to the examination of the initiation of a 
reaction sequence.
Table II.3. Summary of Shock Tube Chlorinated Hydrocarbon Literature
Reference 
Yano (1977)
Zabel (1977)
Schug et al. (1979)
Kondo et al. (1980)
Reactants Experimental Facility/Conditions Observations/Conclusions
CHC1, 
CHClXCH 
CHC1,+ 
CHClj+Dj
4 cm i.d. single-pulse shock tube 
1000-1200 K
GC analysis of quenched products
Main products of CHClo 
decomposition were C-Cl. 
and HC1 
Hain products of CHC1-+CH. 
were C-Cl., C-HC1-,
1,1-C,H_CI-, C-H,C1, C-H, 
and H^l 2 2 3  2 6
Cl atom elimination is the 
initiation step
c 2h 3ci 1 0  cm i.d. aluminum tube Thermal decomposition of 
C-H-Cl proceeds via HC1 
elimination 
C-Cl bond fission is expected 
to be competitive at 
temperatures > 2400 C 
Rate expressions developed 
Elimination of HC1 was 
initiation step
CHC1F-
CHF-
CHCI,
1 0  cm i.d. aluminum shock tube 
1050-13|0 K
3.0x10 - 3.8x10“* mol cm” 3
Hall catalyzed reactions 
can be significant 
C-Cl. was a secondary 
reaction product and 
thermally stable 
Onimolecular decomposition 
was CHC1- -> CC1-+HC1 
Postulated HC1 elimination 
as the initiation reaction
CH 3C1+Ar 5 cm i.d. shock tube 
1680-2430 K
2.0x10 - 3.5x10 mol cm- 3
Initiation reaction was 
found to be C-Cl bond 
fission 
Computer simulation of rate 
of destruction
M
Table II.3. Summary of Shock Tube Chlorinated Hydrocarbon Literature (Continued)
Reference 
Miller (1984)
Frenklach et al. 
(1985)
Reactants Experimental Facility/Conditions
Selected C^, C 2 and 7.62 cm i.d. stainless steel tube
C R CHCs Soot monitored by attenuation of
He - Ne laser 
2.54 cm i.d. with stainless steel 
test section 
GC analysis of quenched products
Chlorinated Methanes Same as above
and Chlorinated
Ethylenes
Observations/Conclusions
CHC are not universally more 
difficult to ignite than 
analagous hydrocarbons 
No simple relationship 
between ignition delay 
times and number of Cl 
atoms
Stability to thermal decom­
position ranks CH., CHjCl 
CH-Cl, in parallel witn 
lowest bond dissociation 
energy
PICs, PCAHs, and soot levels 
increase as Cl/H increases
Soot yield is larger in CHC 
than in HC 
Behavior can be explained by 
chlorine-catalyzed 
reactions 
Soot proceeds via the
formation of C-H, C-H- and 
C_H, with low Cl:H fatio 
C- Becomes important with 
higher C1:H ratios 
CHC1 radical is important 
for CHjClj pyrolysis
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Most of the CHC shock tube studies have been 
concerned with pyrolysis. The initiation step has been
postulated to be either the dissociation of the C-Cl bond
(Kondo et al., 1980; Yano, 1977) or the elimination of HC1 
(Schug et al., 1979). Zabel (1977) postulated that HC1 
elimination was the initiation step for C 2H3CI while 
dissociation of the C-Cl bond was the initiation step for 
both CgCl^ an<^  c 2HC'1'3* Yan0 (1977) found that there was a
marked shift in the product distribution for CHCI3 when
CH^ was added. In addition to the main products of 
and HC1 for CHgCl decomposition, significant quantities of 
C2HC13, l,l-C2H2Cl2f C 2H3C1 , and C2H g were formed when CH4 
was added to the reactant mixture. This dramatically 
demonstrates the PIC potential for CHC/HC mixtures.
Soot formation in pyrolysis of chlorinated methanes, 
their mixtures with methane, and chlorinated ethylenes was 
studied behind reflected shock waves by Frenklach et al. 
(1985). The soot yield of the CHCs was considerably larger 
than their nonchlorinated counterparts. At temperatures 
below 2000 K the amount of soot formed from CH2Cl2 and the 
dichloroethenes was found to be an order of magnitude 
larger than that of other reactants tested. This is in 
agreement with the laminar flame work of Senkan et al.
(1983) which demonstrated the high propensity of CHCs to 
soot.
A study combining ignition delay measurements and
quenched product distributions from shock tube experiments 
under both oxidative and pyrolytic conditions with CHCs 
has been performed by Miller (1984). At a constant 
reaction time of 500 microseconds, the temperature for 50% 
reaction of CH g C ^  is reduced from 1500 K under pyrolysis 
conditions to 1250 K under stoichiometric oxygen 
conditions. In contrast, for CH4, the 50% reaction 
temperature is reduced from 2300 K to 1450 K. This is 
indicative of the more pronounced effect that Og has on HC 
decomposition than on CHC decomposition. The quenched 
product profiles for CH2CI2 indicated that other CHCs were 
created during both the pyrolysis and oxidation of CH2C12. 
In- addition, there was a marked shift in the peak 
concentrations from pyrolysis to oxidative conditions for 
the same percent reacted. For more heavily chlorinated 
CHCs, the concentration of CO in the final products is 
higher than for the lightly chlorinated CHCs.
b. Nonflame Reactors. A summary of nonflame CHC
literature is presented in Table II.4. While the apparatus 
used in most of these studies is similar (a small diameter 
quartz reactor), the studies can be divided into two 
groups based upon the scope of the study. The first group 
consists of basic studies designed to determine the 
kinetic pathways and evaluate elementary reaction rates. 
These were generally conducted under both oxidative and
Table II.4. Summary of Nonflame Chlorinated Hydrocarbon Literature
Reference
Bozzelli and 
and Chuang (1982)
Weissman and Benson 
(1984)
Duvall and Rubey 
(1976)
Duvall et al. (1980) 
Dellinger et al. 
(1984)
Lee et al. (1979a) 
Lee et al. (1979b) 
Lee et al. (1982)
Reactants Experimental Facility/Conditions Observations/Conclusions
CHC1,+H,
CHClf+Hfo
1,1,2C_H,C1,+H-
lfl^CjHjClj+HjO
CH,C1
CH,C1+C,H.
CH^Cl+CH,
CH,C1+C-H,
CHjCl+CjHg
Quartz Reactor Tubes 
2 am x 30 cm 
4 mm x 30 cm 
900 - 1400 K at 1 atm 
on line GC, Batch GC/MS
Quartz Reactor
1260 K - 1310 K at 180-370 Torr 
GC, GC/MS detection
Reactions yield HC1, hydro­
carbons, CO, and CO, if 
temperature is high enough 
Temperature and time
sufficient for complete 
reagent halocarbon de­
struction do not imply 
complete destruction of 
halocarbon products
Main products HC1, CH., C 2 H- 
C,H4, Soot 
Minor products toluene
C 2H3j1 ' C 2 5 ’ C 2H 4C12
and i 
Mechanism of soot formation 
postulated
Numerous Hazardous 
Organic Compounds 
Pesticides 
Dioxins 
PCBs 
CHCs
Quartz Reactor 
1 mm x 1 0 0  cm 
500 - 1400 K 
on line GC/MS 
on line GC/FID
Best overall ranking of 
destructability is labora­
tory determined gas-phase 
thermal stability 
Numerous PICs were formed 
during the thermal 
decomposition 
Development of global decom­
position kinetics (See 
Table II.5)
C®H®C1
C2H6
1722c _H.C1,
C 2«4
c f / 1
CH3CI
Quartz Reactor 
0.9 mm x 130 cm
on line flame ionization detector 
700 K - 1100 K at 1 atm
Developed equations for 
predicting thermal 
oxidation 
Destruction efficienci'es 
based on molecular struc­
ture, residence time and 
autoignition temperature 
Development of global decom­
position kinetics (See 
Table II.5)
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pyrolytic conditions and at 1 atm and below. The second 
consists of more applied studies where the intent was to 
develop rankings of compound incinerability in terms of 
thermal stability and to develop global expressions for 
the decomposition of waste materials as a function of time 
and temperature. In general, the experiments were 
conducted at 1 atm, and considerable amounts of excess air 
were used in order to simulate actual incinerator 
conditions.
In the basic studies, the major product was HC1, but 
in addition to the initial CHC reactant, numerous other 
CHC species were detected. A mechanism for soot formation 
was postulated by Weissman and Benson (1984). Of immediate 
practical importance was the observation by Bozzelli and 
Chuang (1982) that sufficient temperature and time for 
complete reagent halocarbon destruction did not imply 
complete destruction of halocarbon products. The fact that 
more stable compounds may result from the decomposition of 
a particular hazardous waste again underscores the 
potential PIC problem.
The most comprehensive studies, with respect to 
chemical species, have been performed in the applied group 
of flow reactor studies. The initial work was begun at the 
University of Dayton Research Institute (UDRI) in 1974. 
Since 1974, UDRI has developed four thermal 
instrumentation systems, culminating in the Packaged
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Thermal Reactor System (PTRS) which is a three channel 
quartz reactor utilizing a high resolution GC/FID 
detection system. The reactor developed at Union Carbide 
Corporation (UCC) by Lee et al. (1979a; 1979b) was a
modification of the UDRI system and was designed to 
improve the mixing of reactant and bath gases.
The data reported are usually in the form of the 
temperature required at a residence time of 2 seconds to 
facilitate a DRE of 99.99% (Tgg ^  (2S)). A summary of
their results for CHC decomposition, which was compiled by
Miller (1984), is presented in Table II.5. These results 
were obtained at 30% excess air levels. The single step 
decomposition expressions have been used by Clark et al. 
(1984) and Wolbach (1984b) for the modeling of the post 
flame zones of co-fired boilers. While there is reasonable 
agreement between the UDRI and UCC data with respect to
T99 99% (2S), there is considerable disagreement in the
Arrhenius coefficient, A, and the activation energy, Ea , 
for CgHg and CgHgCl.
In addition, Clark et al. (1984) reported large
discrepancies between their predictions of CH2CI2 DRE 
utilizing the kinetic parameters of Dellinger et al. 
(1984) and their experimentally measured CH2C12 DRE. This 
does question the appropriateness of using these 
particular parameters for modeling purposes. However, it 
should be stressed that for most wastes, these are the
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Table II.5. Summary of Hydrocarbon and Chlorinated 
Hydrocarbon Nonflame Global Decomposition 
Data (Miller, 1984)
T 99.9 9 2^ S  ^ Lo9 i0A Ea
Compound Reference (K) (S-1) (kcal/mo
ch4 a
b
1079
1143
11.2
9.53+0.531
52.1
48+3.0
c h 3ci a 1097 8.9 40.9
ch2ci2 b 1053 12.8+11.3 62+52
CHCI3 b 1236 12.5+1.97 49+8.0
CC14 b 1093 5.46+0.951 26+4.0
C 2H4 a 966 12.1 50.8
c 2h3c1 a 996 14.6 63.3
C 2C14 b 1193 6.41+0.985 33+5.0
C 2H6 a 992 14.8 63.6
1,2-C2H4Cl2 a 908 11.7 45.6
1,1,1-C2H3C13 b 873 8.29+1.02 32+4.0
C 2C16 b 913 7.31+1.47 30+6.0
C6H6 ab
989
1033
21 9
8.63+1.36
95.9
39+6.0
c 6h5ci a
b
1018
990
17.1
4.92+3.54
76.6
23+15
1,2-C6H4C12 b 1050 8.65+2.92 40+13
1,2,4-C6H3Cl3 b 1060 8.29+2.85 39+13
1,2,3,4-C6H2C14 b 1120 6.28+3.78 30+18
C6C16 b 1150 8.38+4.59 41+22
a - Lee et al. (1982) 
b - Dellinger et al. (1984)
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only data which are currently available to the incinerator 
designer.
c. Flames. A summary of laboratory flame studies of 
hazardous waste compounds is presented in Table II.6. The 
majority of the flame studies have utilized laminar 
premixed Bunsen or flat flame burners. The focus of the 
early studies (Palmer and Seery, 1960; Wilson, 1965; 
Wilson et al., 1969) was directed toward investigating the 
effects of adding small amounts of halogenated compounds 
to hydrocarbon and CO flames. These studies have shown 
that the major effect of the halogen inhibitor was that 
the hydrogen atoms react preferentially with the halogen 
atoms instead of participating in chain branching 
reactions. This has the effect of reducing the burning 
velocity and prolonging the ignition zone. In general, the 
reaction zone will be smaller and the maximum reaction 
rate higher in an inhibited flame.
Prior to the development of hazardous waste 
incineration, Kaesche-Krischer (1962) studied C2HC13 
flames. Oxygen to N2 ratios far in excess of that for air 
were used to achieve stable combustion. Two distinct 
flame fronts were detected, indicative of a two-stage 
combustion process associated with the C 2HC13. Phosgene 
and CO were postulated as the primary intermediates in the 
first flame zone. In addition, the behavior of other
Table II.6. Summary of Hazardous Waste Laboratory Flame Studies
Reference
Palmer and Seery 
(1960)
Kaesche-Krischer
(1962)
Wilson (1965)
Wilson et al. (1969)
Reactants Experimental Facility/Conditions Observations/Conclusions
Cl 2 +C0+0-
Cl 2 +CO+air
C2HC13/°2/N2
1.28 cm Bunsen Tube 
atmospheric pressure 
visible cone frustum method
2.5 cm glass -burner tube 
atmospheric pressure
Cl 2  addition continuously 
reduces burning velocity 
Postulated inhibitors reduce 
steady-state OH concen­
tration 
Postulated HC1 is principal 
inhibitor, reacts with OH
C 2HC 1 3 flames exhibit two 
separate flame zones 
C0C12  and CO are found as 
intermediates in the first 
zone
Low chlorine loaded flames 
are blue in lean mix­
tures and green in rich 
mixtures
CH 4 +02 +CH3Br Ceramic flat flame burner 
0.05 atm 
fuel lean
Reaction of CH, is delayed 
until HBr ana CH3Br have 
reacted 
Major effect of inhibitor 
is to prolong preignition 
zone
H reacts preferentially with 
the inhibitor instead of 
participating in chain 
branching reactions
CH.+0-+HC1 
4 2  HBr
C12
CH 4 + 0 2 z
Glass flat flame burner 
0.05 atm
quartz microprobe sampling 
mass spectroscopy analysis
Important reactions occur 
early in the flame 
Interferes with chain-
branching reaction H + 0- 
OH + 0 45
Maximum reaction rates may 
be higher than in 
uninhibited
Table II. 6. Summary of Hazardous Waste Laboratory Flame Studies (Continued)
Reference
Bose and Senkan
(1983)
Senkan et al. (1983)
Cundy and Senser 
(1984)
Gupta and Valeiras
(1984) 
Valeiras et al.
(1984)
Reactants
c 2h c i3/ o 2/ n 2
CH .+air+
Chroromethanes
Chloroethanes
Chloroethylenes
Chlorobenzene
CH 2 Cl 2 /CH4/air
Experimental Facility/Conditions
5 cm metal flat flame burner 
atmospheric pressure 
micro and macro water-cooled probes 
on line GC-TCD
1 cm Bunsen burner 
5 cm metal flat flame burner 
atmospheric pressure
Same as Miller et al. (1984b)
Observations/Conclusions
CHC undergo fast oxidative 
decomposition into CO, HC1, 
and Cl, followed by HC1 
and Cl, inhibited oxi­
dation of CO 
Chlorinated intermediates 
decomposed relatively fast 
compared to CO
Soot formation occurs at 
lower equivalence ratios as 
Cl content is increased 
Soot formation occurs in a 
narrow O/C range 
CHC/CH. correlated to 
critical sooting 
equivalence ratio
Presence of chlorine promotes 
C,Hc and C,H 4 consumption 
and stabilizes C 2h 2 
Many chlorinated inter­
mediates were quantified 
including C,HCl,r 
1-2C2 h 2 C12 , CH 3 CI and CC14  
Steady state CO mole fraction 
correlates with the 
destruction of CH 2C1 2  and 
chlorinated intermediates
CH. + air + 
Chroromethanes
c 2hci 3
Benzene
Chlorobenzene
Quartz 1 cm Bunsen burner 
atmospheric pressure
Increasing chlorine content 
decreases flame velocity 
Increasing chlorine content 
shifts maximum flame 
velocity from fuel rich 
toward fuel lean
u>
Table II.6. Summary of Hazardous Waste Laboratory Flame Studies (Continued)
Reference 
Hiller et al. (1984b)
Chang et al. (1985b)
Kramlich et al.
(1985)
LaFond et al.
(1985)
Reactants Experimental Facility/Conditions
CH^Cl/CH./air 6 cm Holthius flat flame burner
microprobe sampling 
atmospheric pressure 
batch GC sample analysis
C 2HCI3 /O2 /N 2 5 cm metal flat flame burner
molecular beam sampling 
on-line mass spectroscopy 
- 0.47
profiles presented as relative 
intensities vs. distance along 
flame
Acrylonitrile Laminar flame microspray reactor
Benzene turbulent flame reactor
Chlorobenzene 
Chloroform
Observations/Conclusions
Presence of chlorine promotes 
C,Hfi and C,H. consumption 
C 2 H 2 is stable in the 
presence of chlorine 
A number of stable, hazardous 
intermediates are produced 
during CtUCl flame decom­
position
Description of the flame 
structure 
Principal chlorocarbon inter­
mediates were C0C1-, C,C1.,
C2C12
Decomposition of C~C1. was 
slow * *
H_ 0  exhibits the charac­
teristics of a combustion 
intermediate
Optimally operated turbulent 
flame is capable of high 
DRE independent of post­
flame processes 
Hydrocarbons and POHC break­
through are linearly 
correlated 
CO could result in overly 
conservative control of 
the process
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chlorocompounds, including CH2C12, was briefly 
investigated. In the range of small chlorine content it 
was stated that there is only one flame front, the color 
of which is blue for lean flames and green for rich 
flames.
Considerable work has been performed by Senkan on CHC 
combustion using laminar flat flames and laminar Bunsen 
burners. The high propensity of CHCs to soot was reported 
by Senkan et al. (1983). The R value and critical
equivalence ratio for the onset of soot were measured and 
correlated for various CHCs (see Chapter IV for the
definition of R and the equivalence ratio) . The flame 
speeds of premixed CHC/CH^/air mixtures were measured and 
reported in two similar papers by Valeiras et al. (1984)
and Gupta and Valeiras (1984). An increasing chlorine
content was shown to decrease the flame velocity and shift 
the maximum flame velocity from fuel rich toward fuel 
lean.
Oxygen enriched C2HC13 flames were re-examined by Bose 
and Senkan (1983). Using water-cooled micro- and 
macroprobes and on-line GC-TCD analysis, stable species 
and temperature profiles were obtained for a series of 
flames with varying oxygen content. Chlorinated 
hydrocarbons were postulated to undergo fast oxidative 
decomposition into CO, HC1, and Cl2 followed by HC1 and 
Cl2 inhibited oxidation of CO.
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Utilizing molecular beam sampling and on-line mass 
spectroscopy/ the C 2HC13 flame was again investigated by 
Chang et al. (1985b). With this technique/ relative 
concentrations of radical species and highly reactive
stable species such as C2C*2 were measured. The principal
chlorocarbon intermediates were C0C12/ C 2C1^/ and C 2C12.
The decomposition of C2C1^ was found to be slowr making 
this a prime PIC candidate.
Stable species profiles for laminar CHgCl/air, 
CH3CI/CH^/air/ and CH2C12/CH^/air flat flames have been
reported by Miller et al. (1984b) and Cundy and Senser
(1984). A complete description of the experimental 
facility used to obtain these profiles is provided by 
Senser et al. (1985) and has been expanded on in Chapter 
III. Significantly higher levels of C 2H2, a compound that 
either accompanies or participates in soot formation, were 
found in CHC flames as compared to analagous CH4 flames. 
In addition, more heavily chlorinated compounds were
formed during the combustion of both CHgCl and CH2C12 . An 
analysis of the concentration profiles, which was
previously unpublished and has been included in Appendix 
A, indicated that the first order kinetic models of
Dellinger et al. (1984) were not as conservative for
predicting CH2C12 DRE as has been assumed in full scale 
modeling (Clark et al., 1984; Wolbach, 1984b). A 
comparison between a CH3C!/air and CH2Cl2/CH4/air flame at
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the same Cl/H ratio of 0.333 and same equivalence ratio 
has been provided by Senser and Cundy (1985). The peak 
concentrations of HC intermediates and basic flame 
structure were found to be similar.
A study utilizing two reactors to simulate various 
aspects of liquid injection incinerator flames zones was 
reported by Kramlich et al. (1985) and LaFond et al.
(1985). A microspray reactor was used to investigate the 
destruction of liquid waste droplet streams dispersed by a 
small gas flow through a premixed Hg/^/air flat flame. 
The turbulent reactor consisted of a swirling air/liquid 
spray burner firing into a water-cooled cylindrical 
enclosure. The results indicated that both reactors were 
capable of quantitative waste destruction without the 
necessity of post flame processes. The results suggested 
that CO and HC measurements could be used as an indirect, 
continuous means of monitoring incinerators. In contrast, 
the recent work of Staley (1985) with a similar turbulent 
reactor suggests that the correlation between CO and DRE 
is "loose at best". In addition, the highest DREs and 
lowest PIC emissions occurred at low excess air levels and 
correspondingly high CO levels.
B. MODELING EFFORTS
The modeling of hazardous waste destruction can be 
divided into basic and applied studies. A summary is
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presented in Table II.7.
1. Applied Studies
As stated by Miller (1985), the simplest models have 
been the various ranking scales for incinerability of 
hazardous waste compounds and are presented in Table II.8. 
Considering the complexity of the incineration process and 
the variety of hazardous waste compounds, it is no
surprise that there is no universally accepted
incinerability scale. The USEPA currently suggests using 
heat of combustion as the ranking criteria under the basic 
assumption that the more exothermic compounds will burn at 
a higher temperature and undergo more rapid decomposition.
Full scale modeling efforts have concentrated on
conservatively predicting DREs. The approach has been to 
apply sufficiently conservative destruction kinetics to a 
map of mean velocity and temperature within an
incinerator. Various levels of complexity have been used. 
The early work of Wolbach (1982a; 1982b) and Lee et al.
(1979a; 1982) made use of mean residence times and mean
temperatures through the incinerator. In Wolbach's more 
recent work (Wolbach, 1984b), the incinerator has been 
discretized and simple models for heat transfer and fluid 
flow have been used to predict the velocity and
temperature map. The problem of liquid-droplet 
vaporization was indirectly addressed by injecting the
Table II.7.
Reference
APPLIED
Lee et al.
(1979a; 1979b)
Lee et al. (1982)
Wolbach (1982a)
Wolbach (1982b) 
Clack et al. (1984)
Summary of Applied Hazardous Wa
Modeling Studies
Purpose/Compounds
Pcedictions of time-temperature 
requirements for thermal 
destruction
Conservative predictions of POHC DRE
Conservative predictions of PIC 
release
Conservative predictions of POHC DRE
and Basic Chlorinated Hydrocarbon
Technique/Conclusions
Low temperature oxidation in the absence of 
flame-generated free radicals 
Empirical relation of temperature for 99,
99.9 and 99.99% DRE as a function of 
characteristic compound structure, auto­
ignition temperature, and residence time 
Autoignition temperature and residence time 
were the most statistically significant 
Experimental data from quartz flow reactor
Assumes pseudo first order kinetics apply 
Graphical overlay of kinetics onto known 
time-temperature map of the bulk gas
Overlay of generalized kinetic mechanism onto 
known time-temperature map of the bulk gas
Decoupling of fluid mechanics and heat 
transfer
Utilization of prescribed flow pattern 
Detailed furnace heat transfer model 
Pseudo first order kinetics 
Plow weighted random paths for hazardous 
waste destruction 
Failure model analysis
Nonconservative DRE predictions for CH 2 CI 2
Table II.7. Summary of Applied Hazardous
Modeling Studies (Continued)
Reference
BASIC
Tseng and Shaub (1981)
Westbrook (1982)
Miller (1984)
Chang and Senkan (1985) 
Chang et al. (1985a)
Purpose/Compounds
Equilibrium and kinetic
considerations used to make 
quantitative assessments on 
destruction
Inhibition of CH./air, CH-OH/air 
and C 2Hj/air flames witn HX
Detailed chemical kinetic model for 
the ignition delay time of CH^Cl
Investigation of humid CO oxidation 
by HC1 and Cl- in induction period 
of a laminar flame
Detailed kinetic mechanism for 
C-HC1- combustion in laminar
and Basic Chlorinated Hydrocarbon
Technique/Conclusions
Incinerability ranking scale derived 
Unimolecular decomposition and OH radical 
attack are identified as important 
processes for effecting destruction
Halogen species catalyze recombination of 
H atoms into H- atoms 
Inhibitor effective is Cl < Br < I 
Inhibition efficiency increases with 4
Chemical kinetic pathways in the oxidation of 
CH-C1 differ from those in CHj 
Ignition delay times were modeled within a 
factor of 2
One-dimensional adiabatic model without
diffusions HC1 and Cl2 inhibit H catalyzed 
path for CO oxidation
Diffusionless Sandia-Chemkin computer program 
Only qualitative agreement between predicted 
and measured profiles 
Allows prediction of ignition delay times 
with reasonable accuracy
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Table II.8. Incinerability Ranking Scales
* Heat of Combustion
* Chemical Kinetic Considerations such as Bond
Dissociation Energy
* Thermal Oxidation Under Nonflame Conditions
* Auto Ignition Temperature and Structural Considerations
* Toxicity
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waste at the end of the flame zone to insure conservative 
predictions. Similar modeling has been performed by Clark 
et al. (1984), but a higher level of sophistication in the 
radiative heat transfer and liquid injection algorithms 
was used. These models have several simplifications which 
have been pointed out in part by the authors and by Miller
(1984). These include:
* There is no coupling between the energy equations 
and the momentum equations. Based upon an initial 
estimated velocity map, the energy equation is 
then used to solve for temperature.
* Liquid fuel vaporization is not directly addressed 
which may affect the energy equation (temperature) 
as well as the point where decomposition begins.
* The models have been shown to be extremely 
sensitive to the global kinetic parameters used. 
A 20% change in values can result in three orders 
of magnitude change in the predicted DREs. In view 
of the apparent scatter in the parameters 
currently being used (Dellinger, 1984), this is 
most disturbing.
While the validity of absolute DRE predictions are 
questionable, these models do represent a significant 
start and they are useful for examining the sensitivity of
Hi
various design parameters and the effects of off-design 
operating conditions.
2. Basic studies
Relatively little work has been done on the detailed 
kinetic modeling of CHC combustion. A summary of those 
works is contained in Table II.7. The inhibition of 
various HC/air flames by HC1, HBr and HI has been studied 
by Westbrook (1982). The HC mechanisms were modified by 
including the dissociation of HX and allowing for the
catalyzed recombination of hydrogen atoms into H2
molecules. While this mechanism is appropriate for
chlorine inhibition it would not be appropriate for
predicting waste destruction.
To date, there have not been any detailed kinetic 
models of flame data including transport effects. Chang 
and Senkan (1985) have developed a model for the 
inhibition of CO oxidation by HC1 and Clg in the
induction period of a laminar flame. Since diffusional 
effects were not included, only qualitative agreement 
could be obtained between predicted and measured profiles. 
A similar approach was used by Chang et al. (1985a) for
the detailed modeling of C2H3CI flames.
In the recent work of Miller (1984) and Miller et al.
(1985), a detailed kinetic mechanism for the ignition 
delay times of CH3CI, CH2C12 and C 2HC13 has been
developed. This represents the first detailed modeling of 
CHC combustion. Due to the lack of fundamental kinetic 
rate data, many of the rate parameters were estimated. A 
sensitivity analysis was used to reduce the mechanism and 
critical pathways were identified. Reasonable agreement 
between measured and predicted ignition delay times was 
obtained. In view of the progress in detailed kinetic 
modeling of CHC combustion it is reasonable to expect that 
the modeling of laminar CHC flames including diffusive 
effects will be forthcoming.
C. FLAT FLAME EXPERIMENTAL APPARATUS AND TECHNIQUES
1. The Flat Flame
Due to the complexity of flame mode combustion, 
researchers have historically endeavored to study "simple" 
flames. Such flames are modeled using the one-dimensional 
forms of the basic governing equations. Additionally, the 
simplest flames to study are characterized by laminar flow 
conditions. Such ideal conditions are typically generated 
using the flat flame burner, originally developed by 
Powling (1961) .
In general, a flat flame is stabilized above the 
burner surface by forcing the incoming reactant gas 
velocity to be slightly lower than the free-space flame 
velocity so that the flame tends to burn backwards toward 
the burner surface. As the flame approaches the burner
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surface, energy is transferred from the flame to the 
burner. This loss of energy from the flame lowers the 
flame velocity until a balance is achieved between the 
incoming gas flow velocity and the flame velocity of the 
now enthalpy deficient flame. In practice, matching the 
reactant velocity to the free space velocity is difficult. 
Such difficulties were readily overcome by Botha and 
Spalding (1954) through water cooling a porous metal disk 
upon which the flame was stabilized. The use of this
active heat removal mechanism resulted in a stable flame 
which was much less sensitive to the total premixed
reactant flow rate.
A schematic representation of a typical flat flame 
burner and resulting idealized flat flame is shown in Fig.
II.1. The actual flame thickness has been exaggerated to 
demonstrate the flat flame characteristics. The flame is 
one-dimensional with both species concentration and
temperature gradients occurring only in the vertical (z) 
direction. In addition, the generated flame is laminar 
without pressure variations. The species profiles shown 
in the figure demonstrate the typical behavior of fuel and 
oxidizer consumption with the subsequent generation of 
intermediate species; some of which may or may not be
consumed in the flame zone. The temperature profile shown 
is typical of a single-stage combustion process.
HU
Z
Intermediate
ZoneReaction
Premixed Reactant Gas
Products
Reactants
Fig. II.1. Idealized flat flame
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2. Probe Techniques
Species concentration and temperature probes can be 
divided into two general types: physically nonintrusive
(optical methods) and intrusive. While the physically 
nonintrusive probes are certainly more desirable from 
the standpoint of probe disturbance, they are generally 
more expensive, more complicated and less general in their 
application when compared to more traditional intrusive 
probing techniques. In view of this, it was decided early 
in the study that microprobes would be used for the 
extraction of stable species and that thermocouples would 
be used for flame temperature measurements.
a. Gas Sampling Probes. A discussion of various gas 
sampling probes, which are applicable to flat flame 
studies, has been provided by Hosni (1984). The 
characteristics of an effective probe were reported as:
* Minimal disturbance. Disturbances may arise 
because of the probe's disruption of the fluid 
flow or because of the probe's tendency to act as 
a heat sink.
* Appropriate sampling flow rate. Too large a flow 
rate may cause species to be drawn in from outside 
the desired sampling location.
* Quenching. Gas samples are generally extracted in
chemically reacting regions. In order for the 
sample to be representative of the chemical 
composition of the sampling point/ the reactions 
must be quenched on entry to the probe. This is 
achieved by a drop in the pressure and static 
temperature experienced by the gas flow in an 
expansion section.
In practice/ the attainment of these characteristics 
requires considerable trial and error.
Both water cooled and uncooled microprobes are used 
in flat flame studies. Hosni (1984) reported that the 
uncooled microprobe provides data which are as credible as 
results obtained with water cooled microprobes. In view 
of the reduced complexity of the uncooled microprobe, they 
were selected for use.
Suggested construction procedures have been provided 
by Fristrom and Westenberg (1965). Quartz, with its high 
melting temperature and reduced reactivity, is used for 
construction. A typical uncooled quartz microprobe is 
presented in Fig. II.2. Orifice diameters are typically 50 
to 100 microns and the taper angle ranges from 15 to 30 
degrees. By maintaining a pressure ratio across the probe 
tip of at least 5, choked flow occurs at thevprobe tip and 
an aerodynamic quench is achieved (Fristrom and Westeberg, 
1965). Choked flow is characterized by a constant mass
Fig.
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II.2. Typical uncooled quartz microprobe (Fristrom 
and Westenberg, 1965).
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flowrate independent of downstream pressure variations 
below a critical value.
The effect of sample probes on species concentrations 
has been addressed by a number of investigators (Malte and 
Kramlich, 1980; Smith, 1981; Colket et al., 1982; and 
Kaiser et al., 1984). Variation in the concentration of 
the extracted sample from the unprobed flame can be 
attributed to both macro and micro effects. The macro 
effects are changes in the basic flame structure due to 
the presence of the probe. The probe, because of its 
finite size, will alter the flow patterns near the probe. 
In addition, the probe will act as an energy source or 
sink depending on the relative difference between the gas 
and surface temperatures. Both effects will perturb the
concentration of the gases being extracted by the probe.
Micro effects principally concern perturbations after 
the sample has entered the probe. Any quench requires a 
finite amount of time over which reactive species (H, 0,
OH, etc.) alter the composition of the sample. In 
addition, the walls of the probe may serve as a catalyst 
for reactions or as a site for adsorption.
In general, the macro effects will tend to affect the
sample as a whole. Gas samples are generally more 
representative of the composition of the flame one to two 
orifice diameters below the probe tip than of the 
composition of the flame at the probe orifice height. This
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is due to the macro presence of the probe. Micro effects 
tend to be more compound specific. The finite quenching 
time would more drastically affect highly reactive 
compounds such as NO as compared to CO. In summary, while 
microprobes are subject to criticism, they can aid in 
providing considerable insight into the combustion 
process.
b. Thermocouple Probes. A discussion of the use of 
platinum alloy thermocouples to measure temperatures in 
CH^/air and CHgCl/CH^/air flames has been provided by Jang
(1984). A number of areas of concern were identified. 
These include:
1. Changes in the basic flame structure due to the 
physical presence of the thermocouple wire and 
bead.
2. Heating on the thermocouple bead surface caused by 
surface catalyzed recombination of radicals.
3. Changes in the thermocouple electromotive force 
with time due to contamination and volatilization 
of the platinum or its alloy.
In addition, the thermocouple temperature must be 
radiation corrected to yield the experimental gas 
temperature (Kaskan, 1953).
Changes in the basic flame structure can be minimized 
by using the smallest wire and bead diameters possible.
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However, the smaller thermocouples are more readily 
consumed by the hostile flame environment. Catalytic 
heating is minimized by applying a protective coating to 
the thermocouple. This coating may also reduce the rate of 
contamination of the thermocouple. Two different coatings 
are generally used. Silica (Fristrom and Westenberg, 1965) 
or a mixture of Y2°3 anc* Be0 ( Kent, 1970) have both been 
successfully employed. However, coating of the 
thermocouple introduces the problem of determining the 
emissivity of the coated surface. Emissivities reported in 
the literature vary from 0.2 to 0.7 for the coating of 
Y2O3 and BeO (Jang, 1984).
Suggested procedures for construction and coating of 
thermocouples have been provided by Peterson (1981) and 
Jang (1984). The preferred thermocouple configuration is 
to hold the thermocouple wire immediately adjacent to the 
bead parallel to the burner surface. With this approach 
the adjacent wire and bead are held in an isotherm and 
conduction effects may be neglected. A common problem has 
been the drooping of the thermocouple wire or its support 
so that the sensing wire is not in an isotherm parallel 
to the burner surface.
CHAPTER III 
EXPERIMENTAL FACILITIES
A. INTRODUCTION
The experimental work was performed in the 
Incineration Laboratory of the Department of Mechanical 
Engineering at Louisiana State University. A skeletal 
facility capable of generating a CH^/air flame was 
operational prior to the investigator's participation in 
1982. The facility as it is now configured is capable of 
generating stable CHC/CH^/air or CHC/air flat flames over 
extended periods of time at either sub- or ambient 
pressures. Sampling trains and gas chromatographic (GC) 
procedures have been developed to determine mole fractions 
of C^ and C2 HCs and CHCs as well as fixed gases. Much 
of the basic facility has been described by Senser et al.
(1985). A complete description is provided here.
B. EXPERIMENTAL COMPLEXITIES
Obtaining accurate experimental data from a flat flame 
generated with organic hazardous materials is complicated 
by a number of factors. First, and perhaps most 
importantly, the compounds under study are extremely 
dangerous. Low-level quantities of many compounds which
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are either under original investigation or subsequently 
produced as products of combustion can be lethal, 
carcenogenic or mutagenic.
Liquid organic materials must be vaporized prior to 
introduction into the flat flame burner. A 
liquid/evaporation feed system must provide constant flow 
rates and complete mixing with other feedstocks. These 
feedstocks may include supplemental HC fuels to sustain 
flame stability.
The analytical complexities associated with CHC 
combustion are formidable since a wide variety of 
components are present. These include the fixed gases, 
HCs, and both the CHC to be destructed and subsequent CHC 
intermediates. These CHCs may be highly polar, 
absorptive, and/or reactive. In order to accurately 
calculate DREs for CHC wastes, quantification must be 
possible over orders of magnitude of concentration.
The corrosive nature of the products of combustion 
requires constant maintenance of the burner facility. 
Special corrosion resistant materials and equipment must 
be utilized; however, with strict maintenance procedures, 
many standard items are successfully used. The systematic 
investigation of these highly toxic, corrosive, and at 
times, highly unstable organic waste compounds has 
resulted in the design and development of a unique 
experimental facility.
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C. FLAT FLAME FACILITY
1. Burner
The experimental facility centers around the flat 
flame burner. The burner used is a Holthuis flat flame 
burner manufactured by McKenna Products (Pittsburgh, CA). 
A schematic of this burner is presented in Fig. III.l. 
The burner is of cylindrical construction with a 6.0 cm- 
diameter flame area. The flame produced is stabilized 
above a 6.0 cm-diameter, sintered, stainless steel plug 
with heating/cooling coils embedded in it. Water is used 
as the active heating/cooling medium to facilitate rapid 
flame stabilization and to prevent condensation when 
liquid feedstocks are studied. Reactant gases, consisting 
of premixed oxidizer and fuel, are introduced to the lower 
part of the burner. Any surges which exist in the 
reactant stream at this point are settled in the cavity 
located below the sintered plug. The flames produced may 
be shielded from entrainment effects by passing a shield 
gas (Ar, N2) around the flame holder through a bronze 
porous plug of 6.6 cm-outer diameter. This gas is also 
introduced to the bottom of the burner into a cavity so 
that any surges present are damped out. A 75 micron mesh 
stainless steel screen is placed above the burner to 
maintain flame stabilization.
6.
5 
cm
6.6 cm
Sintered Guard Ring
6.0 cm
Sintered Burner
0 .0 ; Q 0 OOXXOiO
Guard
Surge Cavities
Water Cooling Tube
Reactant
Gases
Fig. III.l. Holthuis flat flame burner ui-Er
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2. Chamber
The burner assembly is housed within a 15.2 cm Pyrex 
four-port, glass cross. The ports of the cross provide 
access to the burner for various measurements and 
operations. A schematic of this assembly is shown in Fig.
III.2. Each port of the cross is fitted with a 2.54 cm 
thick stainless steel bind flange which houses various 
transducers. The flanges are sealed to the cross via 
Viton O-rings. These O-rings are constructed from stock
0.53 cm-diameter Viton cord. A commercially available 
adhesive was used to fasten the ends of the cord. This 
simple procedure results in a positive seal at each port 
of the glass cross.
As shown in Fig. III.2, the lower flange provides 
support for the burner translator as well as feedthroughs 
for the various gaseous mixtures and burner water.
Species and temperature profiles are obtained using
stationary probes and translating the burner. A complete 
description of this bottom flange configuration will be 
presented later.
The top flange couples (see Fig. III.2) to the
exhaust gas duct and houses the gas sampling microprobe. 
This microprobe is introduced to the cross interior 
through a compression fitting welded to the top flange. A 
Cajon Ultra Torr Adapter compression fitting holds the 
microprobe firmly in place while readily allowing its
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Fig. III.2. Hazardous waste combustion chamber
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removal at any time during or after an experiment.
The right facing flange (see Fig. III.2) is 
configured to allow for five separate measurements and 
operations. Utilizing Cajon Ultra Torr Adapters, the 
ignition device and temperature probes are introduced 
through two of the openings. Two other openings terminate 
in pressure transducers: one for high-pressure
measurements (Matheson Test Gauge model 63-5601) and the 
other for moderate, vacuum measurements (Huntington 
Mechanical Laboratories, Inc. model TCT-1518). The final 
port houses a pressure relief valve since the glass cross 
cannot tolerate internal pressures above 238 kPa.
The left facing flange (see Fig. III.2) is equipped 
with a quartz viewport (Huntington Mechanical 
Laboratories, Inc. model VP-400). This viewport allows 
flame photographs, undistorted visual observation, and 
spatial position measurements. The viewport is sealed to 
the blind flange with a Viton O-ring made from Viton cord 
in the manner previously described.
3. Translator
The burner is mounted on a vertical translator, which 
is fastened to the lower blind flange. Originally, a 
linear motion vacuum feedthrough (Huntington Mechanical 
Laboratories, Inc. model VP-156) was used with its 
stainless steel bellows located inside the Pyrex glass 
cross. This configuration exposed the bellows to the
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corrosive product gas environment. This exposure resulted 
in the failure of the bellows a condition characterized by 
hairline cracks. The problem was corrected by relocating 
the bellows externally to the cross (see Fig. III.2). A 
standard 2.54 cm-diameter solid Teflon bar is utilized to 
fasten the linear motion feedthrough to the burner 
assembly. Connections to the Teflon bar are achieved 
through pinned stainless steel sleeves. The Teflon bar is 
passed through a standard compression fitting (Cajon Ultra 
Torr Adapter) mounted on a stainless steel flange which is 
sealed to the lower side of the blind flange via a Viton 
O-ring. Three guide bars ensure true vertical motion. 
The configuration shown allows a total burner vertical 
translation of 7.0 cm. Stainless-steel lines (6 mm 
diameter) deliver the guard and reactant gases and the 
cooling/heating water to the lower blind flange. These 
lines are passed through the flange using Cajon Ultra Torr 
Adapter compression fittings. Once inside the Pyrex 
chamber, these stainless steel tubes are directly coupled 
to flexible 3 mm-diameter Teflon tubes. The Teflon tubes 
are coiled to allow burner translation.
Ignition of the flame was accomplished originally 
using a coil of Nichrome wire. This coil was located at 
one end of a two-hole ceramic tube (0.64 cm diameter). 
The ceramic tube was sealed at the other end using Ultra 
Torr Epoxy. Typical coils were constructed of 28-gauge
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Nichrome wire approximately 40 cm long. The two-hole 
ceramic tube {approximately 46 cm long) was introduced to 
the Pyrex chamber through a compression fitting mounted on 
the right facing blind flange (see Fig. III.2).
While this ignitor proved adequate, the Nichrome wire 
experienced rapid degradation. The problem has been 
circumvented by igniting the flame with a common lighter. 
The view port is removed, and the chamber maintained at 
subambient pressure. This induces a small draft and 
ensures that exhaust fumes are not vented to the room. 
Using a gloved hand, the lighter is held to the side of 
the burner and a CH^/air flame is ignited. The CHC feed 
is then added after the sight glass is repositioned.
4. Exhaust System
An overall schematic of the facility is depicted in 
Fig. III.3. The exhaust system is composed of a 
condenser, cold trap, acid trap, throttling valve, and 
vacuum system connected with 2.54 cm chemical transfer 
hose. The removal of corrosive compounds in the exhaust 
stream is of principal importance prior to its 
introduction to the vacuum system. Exhaust gases exit the 
Pyrex combustion chamber through the top flange and enter 
the condenser. The condenser consists of 10.2 cm-diameter 
stainless steel pipe, 63.5 cm long. A 600 cm coil of 6 mm 
diameter stainless steel tube is inserted in this pipe.
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As exhaust gases pass over the refrigerated coil, 
condensation occurs. The condenser is fitted with a sump 
to collect the condensate.
After passing through the condenser, the exhaust gas 
enters a FTS model VT-3-84 Cryogenic Multi-Trap. Here, 
the gases are further condensed and trapped. The glass
sump of this unit is filled with glass wool to facilitate
gas contacting with to the cold surfaces. As a final
precaution, the gas exiting this cold trap is introduced 
to a FTS Acid Trap. Exhaust gases entering this trap are 
passed through activated absorption compounds.
The exhaust stream is then metered through a 
stainless-steel needle valve. This valve controls the 
chamber pressure. Upon exiting the throttling valve, the 
gases enter the vacuum system. A two-stage oxygen rated 
vacuum pump (Edwards EDM20A) coupled with an external 
filtration system (Edwards, A501-04-000) is currently in 
use.
5. Reactant Metering
Conventional fuels, gaseous hazardous wastes, 
oxidizers, and inert shroud gases are supplied from 
standard high-pressure cylinders. Since flow fluctuations 
are highly undesirable, two-stage regulators are used.
Matheson linear mass flow controllers are used for gaseous 
reactant metering. The gaseous fuel and oxidizer streams
62
are combined in a 6.0 mm tee and subsequently transported 
in 6.0 mm stainless steel tubing to the dual surge tanks. 
Here the reactant flow is mixed, heated if desired, and 
introduced to the burner cavity. Rotameters with high
accuracy needle valves (Matheson 7800 Series) are used for 
metering of the CH^/air shroud flame and subsequent 
mixing. The shroud gas is introduced to the burner
immediately after exiting the surge tank.
Liquid hazardous feedstocks are handled using a 
pumpless feed system. A positive displacement pump 
(Fluid Metering Inc Model RH) did not provide reproducible 
flow for liquids with high vapor pressures such as CHjC^. 
This was attributed to pump cavitation. Since the burner 
requires a gaseous flow of the reactants, all liquid
feedstocks must be vaporized prior to introduction. Fig.
III.3 shows the major components of the system developed 
while Fig. III.4 details the liquid/evaporation feed 
system.
A hazardous liquid storage tank (5 1, Kynar) is
pressurized using N2 gas (typically 420 kPa). The liquid
is then transported through two filters to a liquid 
rotameter (Matheson 7800 series) equipped with a high-
accuracy needle valve. The metered liquid is transported 
through 0.32 mm stainless steel tubing to the first of the 
dual surge tanks. During liquid feedstock operation, the 
dual surge tanks are heated to provide the desired
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reactant temperature at the burner inlet. Each surge tank 
is filled with glass wool to ensure complete mixing. The 
surge tanks are each 4.0 cm-diameter and 91.4 cm long. In 
order to maintain the desired flow control, approximately 
2.5 cm of the 0.32 mm liquid transport tube is tightly 
fitted with glass wool at the introduction to the surge 
tanks.
Water is used as the medium for maintaining the 
reactant gas temperature and cooling the flame. The water 
is introduced initially to a concentric, counter-flow heat 
exchanger for preheating. The water exiting the burner is 
used as the preheating medium for the incoming water. 
After the incoming water passes through the heat 
exchanger, it is further heated to the desired burner 
entrance temperature using resistance heat tape. This 
arrangement has proved to be ideal for precise control of 
the water temperature. In all experiments, the water 
temperature is set to that of the incoming reactant gas 
stream temperature to avoid possible condensation on the 
burner surfaces.
6. Operational and Maintenance Procedures
After a flame is stabilized, the burner is vertically 
translated to obtain temperature and species concentration 
profiles. Experimental conditions necessitate the single 
analysis of a collected gas sample for all stable species
65
present. This analytical strategy is preferred over 
multiple analyses to minimize errors which may be 
associated with re-establishing both the exact flame and 
the probe location. All position measurements are 
obtained using a Sargent Welch model S-14785 Precision 
Cathetometer. High-intensity lamps positioned around the 
Pyrex chamber are used to clearly illuminate the 
thermocouple, the gas sampling microprobe tip, and the 
burner surface.
The study of corrosive compounds requires strict 
maintenance procedures to extend equipment life. The 
entire system is dismantled and cleaned after each 
experiment. The completely disassembled burner is 
ultrasonically cleaned in a weak nitric acid solution. 
The Pyrex chamber is disassembled and cleaned with water. 
All exhaust lines, including the traps and condensers, are 
flushed with water. The gas microprobes are
ultrasonically cleaned ii? a weak hydrochloric acid 
solution. These maintenance procedures have resulted in a 
minimum of equipment failures and are an integral part of 
the experimental techniques used.
D. GAS SAMPLING
The gas analysis system consists of a Varian Vista 
6000 Gas Chromotograph (GC), a Varian Vista data system, a 
GC gas sampling manifold, a probe sampling manifold, and
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quartz microprobe. The GC is equipped with both a Thermal 
Conductivity Detector (TCD) and a Flame Ionization 
Detector (FID).
1. Material Selection
Material selection in the sampling train was found 
to be critical to obtain reliable results. Nickel, monel, 
and glass were found to be preferential to 316 stainless 
steel and polymeric materials (Teflon, Kel F, Viton, 
etc.). Stainless steel sample loops, manifolding, and 
standard tanks were sources of poor precision. 
Significant adsorption was noted with the polymeric 
materials. Their use has been limited to areas where the 
material can be conditioned by purging with sample gas. 
In general, glass, nickel, and monel were preferentially 
used in the sampling system wherever practical.
2. Microprobes and Probe Sampling Manifold
A schematic of the probe sampling manifold is shown 
in Fig. III.5. Gas samples are drawn through an 
aerodynamically quenched quartz microprobe into a 100 cc 
purge through sample bottle. A typical probe is depicted 
in Fig. III.6. They are constructed of 6 mm quartz tubing 
using the methods described by Fristrom and Westenberg 
(1965). A typical tip orifice was measured to be in the 
range of 50-100 microns with an optical microscope. A
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pressure ratio of at least 15:1 was maintained across the 
probe tip by limiting the fill pressure to 50 Torr. 
Breakage and probe plugging precluded the use of the same 
probe for all the flames.
The sample bottles and probe sampling manifold are 
constructed of Pyrex glass. Glass stopcocks with TEFTE 0- 
rings and glass plugs are used where possible. ACE Flick- 
it valves are used at the sample bottle and sample 
manifold inlets to minimize surface restriction. The 
probe, probe sampling manifold, and sample bottle are 
seasoned by purging the sample gas through the system for 
approximately five minutes before extracting the sample. 
Samples are drawn to a maximum pressure of 50 Torr in 
order to maintain the microprobe's aerodynamic quench 
(Fristrom and Westenberg, 1965) and to avoid condensation 
of both H2O and HC1.
3. The GC Sampling Manifold
Once the sample is extracted, the bottle is removed 
from the probe sampling manifold and coupled to the GC 
sampling manifold with a glass compression fitting. A 
schematic of the GC sample manifold and column arrangement 
is shown in Fig. III.7. The GC sampling manifold is 
constructed of 6 mm nickel tubing. Monel tube fittings 
and monel valves with monel seats are used in the 
manifold. The GC sampling manifold is evacuated to less
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than 30 microns and the sample is then expanded into 
parallel 5 cc nickel sample loops. The fill pressure is 
measured with a digital manometer. Injection is 
accomplished through the use of a Valeo 10-Port Hastalloy 
sampling value.
4. The Column Arrangements
The hydrocarbons and CHCs are separated with 1% 
SP1000 on Carbopak B packed in a 3 m x 3 mm nickel column 
and are subsequently measured with an FID. The separation 
of C02, CO, 02» and N2 is accomplished using Chromosorb 
102 in a Series/By-pass (S/B) configuration (Thompson, 
1977) with MS5A. A 6-Port Hastalloy sample valve is used 
to by-pass the MS5A so that C02 is measured with the TCD 
directly after its elution from the Chromosorb 102. Both 
column arrangements (TCD and FID) are used simultaneously 
in a single GC with helium carrier. The flowrates of He, 
H2, and air as well as the instrument conditions are given 
in Table III.l. Peak identity is determined through a 
comparison of the retention time of the unknown with that 
of the components in the calibration tanks. Peak areas 
are calculated using the Varian Vista 402 data system and 
are subsequently used in component quantification.
Chromosorb 102 is used for the separation of air from 
C02 and H2. Separation of 02 from Ar is not possible with 
the column configuration described earlier. By increasing
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Table III.l 
Instrument conditions and flowrates
TCD Body Temperature 
Filament Temperature 
Carrier Flow
230 C
250 C (213 mA) 
He 30 cc/min
FID Air Flow 
Flow 
He Flow
240 cc/min 
26 cc/min 
40 cc/min
Temperature Program
Initial Temperature 35 C
Initial Hold 2 min
Ramp 10 C/min
Final Temperature 174 C
Final Hold 10 min
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the MS5A column length and placing the column outside the 
oven in an ice bath, C^/Ar separation can be accomplished 
(Miller et al., 1984).
A typical TCD chromatogram is shown in Fig. III.8. 
The rise between zero and 2.8 minutes is due to the flow 
disturbance caused by the injection. The H2 elution at 
1.4 minutes is sufficiently late so there is no 
significant baseline disturbance. At 2.8 minutes the 6- 
port valve is switched to isolate the MS5A. During this
isolation both CH^ and C02 elute. At 6.0 minutes the 6-
port valve is switched back and 02/Ar, N2 and CO elute.
Just prior to the elution of 02/Ar and N2 there are two
extraneous peaks. These have been traced to air leaks in 
the 6-port valve. The magnitude of these peaks is small, 
and they are far enough removed from the sample 02/Ar and 
N2 peaks that they do not significantly perturb the 
analysis.
Backflushing of the column arrangement was found to 
be unnecessary. While the heavier hydrocarbons and the 
chlorinated hydrocarbons are retained in the column 
arrangements, no baseline disturbance from previous 
analyses has been detected before the elution of CO. 
However, the columns are periodically (1 month intervals) 
conditioned overnight under reverse flow.
The method detection limit (MDL) for each of the TCD 
compounds is given in Table III.2 and is based on sample
w151 0
TIME (min)
Fig. III.8. Typical TCD chromatogram
Table III.2 
TCD method detectability limit (MDL)
Compound MDL* (ppm)
02/Ar 1500
N2 5000
CO 600
C02 125
CH4 75
5 cm sample loop, 30 Torr, 35 C
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injection pressures of 30 Torr with a 5 cc sample loop at 
35 C. The MDL is defined as the minimum concentration of 
a substance that can be identified, measured, and reported 
with 99% confidence that the concentration is greater than 
zero (Longbottom and Lichtenberg, 1982). The higher MDLs 
for 02/Ar and N2 are indicative of small air leaks in the 
10-port sample valve. Since the method has been used in 
the analysis of air flames, where the minimum N2 and 02/Ar 
concentrations were 70% and 500 ppm respectively, these 
MDLs are acceptable.
One percent SP1000 on Carbopak B was selected for the 
light CHC analysis after a review of USEPA sampling 
methods (USEPA, 1979). Initially a column length of 2.5 m 
and an initial column temperature of '50 C, as recommended 
in the EPA 601 method, were used. By increasing the 
column length to 3 m  better separation is obtained in 
general and in particular between CHCI3 and 1,2-02^ 012* 
Additionally, by lowering the initial temperature to 35 C, 
separation of the C-^  and C 2 hydrocarbons is obtained. The 
alternative column in the 601 method, Porisil C coated 
with N-octane, was found to give poor separation as 
compared to the 1% SP1000 on Carbopak B.
An FID is used for detection because of its high 
sensitivity to hydrocarbons and lack of response to the 
fixed gases (02/Ar, N2, CO, C02). While the FID response
does decrease as the chlorine content increases, the
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sensitivity for highly chlorinated compounds such as C 2C1  ^
and CCl^ is found to be adequate. Additionally, the FID 
response tends to become more nonlinear with respect to 
concentration as the chlorine content of the component 
increases. However, the precision at a particular 
concentration is adequate. To obtain meaningful results, 
calibrations are obtained at every half order of magnitude 
for the more heavily chlorinated compounds (2 or more 
chlorines). Unknowns are then evaluated by linearizing 
between calibration points.
A typical FID chromatogram for and C 2 compounds is 
shown in Fig. III.9. Methane is the first compound to be 
detected; however, it elutes at approximately the same 
time as the fixed gases. Due to the selective nature of 
the FID no separation is required. The C2 hydrocarbons 
follow. Their separation is not complete, but it is
sufficient for accurate quantification provided a valley 
to valley integration technique is used. The first 
chlorinated compound to elute is CHgCl. In general, the 
chlorinated compounds elute in order of increasing 
chlorine content for the same structure. The final 
compound to be detected is C 2C1^, which elutes at
approximately 24.5 minutes.
The MDL for each of the FID compounds is given in
Table III.3 and is based on a sample injection pressure of 
30 Torr and a 5 cc sample loop held isothermally at 35 C.
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Fig. III.9. Typical FID chromatogram
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Table III.3
FID method detection limit (MDL), linearity, and 
typical precisions
Compound MDLjl Linear (L)/ Typical Precision
(ppm; Nonlinear (NL) 10 ppm 30 ppm 200 ppm
ch4 1 L 0.04 0.005 0.005
C2H2 1 L 0.02 0.005 0.010
C 2H4 1 L 0.01 0.005 0.005
C 2H6 1 L 0.01 0.005 0.005
CH3CI 1 L 0.03 0.01 0.01
C 2H3C1 1 L 0.03 0.01 0.01
C 2H 5C1 1 L 0.02 0.01 0.005
ch2ci2 L 0.06 0.05 0.01
i,i-c2h2ci2 1 L 0.03 0.01 0.01
i,i-c2h4ci2 1 L 0.03 0.02 0.01
1,2-C2H2C12 2 L 0.09 0.04 0.01
1,2-C2H4C12 3 NL 0.12 0.04 0.005
cci4 8 NL - 0.08 0.02
c2hci3 3 NL 0.11 0.05 0.005
1,1,2-C2H3C13 1 NL 0.03 0.05 0.005
1,1,1,2-C2H2C14 4 NL 0.15 0.05 0.01
C2C14 4 NL 0.15 0.05 0.01
5 cm sample loop, 30 Torr, 35 C
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Additionally, the compounds have been classified as either 
linear or nonlinear. Compounds are considered linear if 
their response factor (partial pressure divided by area 
count) demonstrates a variation of less than 5% over the 
concentration range from 30 to 200 ppm. Typical precision 
values (one standard deviation divided by the mean) are 
also provided at 10, 30, and 200 ppm. The lower precision 
for the more heavily chlorinated compounds is attributed 
to their corresponding lower responses and the more polar 
nature of these compounds.
The higher MDL for the more heavily chlorinated 
compounds, such as CCl^ and CgCl^, is expected due to the 
FID's lower response to more heavily chlorinated 
compounds. The high chlorine loading also affects the 
linearity of the response. However, as stated earlier, 
satisfactory results may be obtained at the expense of a 
high density of calibrations. Typical precision values at 
the 30 ppm level are all within 5% with the exception of 
CCl^. As the concentration increases, the precision also 
increases due to the increased detector response. The 
upper limit for each compound was the detector over range 
limitation. In general, no range switches were required 
until concentrations were in excess of 5000 ppm.
5. Calibration Mixtures
Several calibration mixtures were purchased from
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Scott Research while others were fabricated in-house. 
Mixtures are prepared by the method of partial pressures 
from both liquid and gaseous pures. Each liquid is first 
purified in a glass thumb by repeatedly freezing in liquid 
Ng* after which the air is evacuated from the solid. The 
compound is then thawed and expanded into a 500 cc monel 
sample cylinder and the total fill pressure is determined. 
The fill pressure is then monitored for 10 minutes to 
determine the equilibration pressure. If abnormal
pressure behavior (pressure rise or drop) is detected, the 
mixture is abandoned and the problem isolated. Subsequent 
compounds are added in order of increasing vapor pressure. 
The incremental fill pressure for each standard is 
restricted to a maximum of 50% of the vapor pressure at 
ambient temperature in order to prevent condensation.
In order to maximize the effectiveness of each 
standard injection, as many as eighteen compounds are
placed in each standards tank. Generally/ three separate
calibration tanks are used during the analysis of
chlorinated methane combustion. The typical concentration 
of each is shown in Table III.4. Tank A is used to 
calibrate those compounds which are detected by the TCD, 
and for the analysis of the more highly concentrated 
unreacted flow. The particular CHC within Tank A is 
dependent upon the particular CHC under study. By varying 
the calibration injection pressure of Tank A from 3 to 600
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Table 111.4
Calibration tank composition
Compound
CO
co2
N2
°2
CHC
He
ch4
C2H2
C 2H4
C 2H 6
CH3CI
c 2h3c1 
c2h5c1 
CH2Cl2 
1f i-c2H2ci2
1.1-c2h4ci2
1.2-C2H2Cl2
1.2-C2H4C12 
CC1„
C2HC13
1,1,2-C2H3C13
1f1/1t 2-C2H2C14
C 2C14
Tank A 
(mole %)
Tank B
(PP^.
Tank C 
(PPm)
0.5
0.5
2.5
0.5
0.5
balance
0.5
1000
balance
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
10
balance
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
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Torrf calibrations, which correspond to sample 
concentrations from 500 ppm to 10%, can be obtained 
(assuming a sample injection pressure of 30 Torr). Tanks 
B and C are used in the calibration of the FID for the C-^  
and C2 hydrocarbons and CHCs. Tank 2 provides calibration 
data at the 1000 ppm level. Tank C is obtained by cutting 
Tank B by a factor of one hundred. Tanks B and C are used 
to calibrate species concentrations from 1 ppm to 2% by 
again varying the standard injection pressure from 3 Torr 
to 600 Torr.
The preparation of gas standards was a source of 
considerable difficulty. The process of standards 
preparation is quite involved due to the large number and 
variety of compounds present in each calibration tank. 
In general, the gas phase standards are of little concern. 
No significant adsorption (marked by a drop in tank 
pressure) has been noted for gaseous compounds used in the 
standards tanks. In contrast, the liquid CHCs were 
sources of considerable trial. Adsorption on polymeric 0- 
rings and tubing was initially significant. Additionally, 
the liquids are highly susceptible to contamination from 
the standards tank. The use of monel standards tanks, 
regular tank cleaning in methanol, and evacuating the 
standards tanks overnight after methanol cleaning has been 
found to be critical for component stability. Standards 
tanks are analyzed weekly for one month after preparation.
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If no significant degradation is found, the tanks are used 
for calibration purposes.
6. Determination of Mole Fractions
A species mole fraction for a gas sample is 
calculated from the sample injection pressure, the GC 
response to that species for that sample, and the 
calibration response factor for that particular species. 
The GC response can be quantified either by peak height or 
peak area. Peak area was used throughout this study.
Peak areas were numerically calculated as area counts 
using the packaged VISTA 402 Data System. Area counts are 
proportional to the area under the peak, and would have 
units of detector response (millivolts) multiplied by time 
(seconds). Peak area is, in turn, proportional to the 
total mass of the species eluting from the column.
Knowledge of the absolute units of area counts is not 
required since all measurements are made relative to
calibrations and the units of area counts are eliminated 
when mole fractions are calculated.
For the present study, the calibration response
factors were defined as the species partial pressure in 
Torr divided by the detector response to that partial
pressure in area counts. Since the volume of the sample 
loop and the temperature of the sample loop at injection 
were constant from analysis to analysis, the partial
pressure was proportional to the mass loading, and all 
response factors were calculated in terms of partial 
pressure. In many cases, the response factors were 
constant over orders of magnitude variation in partial 
pressure. These particular compounds are designated linear 
in-Table III.3. The response factors for the more heavily 
chlorinated compounds had to be expressed as a linear 
function of area counts to incorporate the nonlinear 
behavior of the FID to these compounds. These are 
designated nonlinear in Table III.3.
The partial pressure of a species in a sample was 
calculated by multiplying the species area count by the 
response factor. The species mole fraction was then 
calculated by dividing the species partial pressure by the 
sample injection pressure.
a. Oxygen mole fractions. Since 02 and Ar could not be 
separated, the calculation of 02 mole fractions was made 
by subtracting the Ar response from the total response at 
each sample location. Nitrogen was assumed to be 
unreactive and used as a tracer. The 02 mole fraction is 
then given by:
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where
ACC>2+Ar = SamPle area counts of 02/Ar response
Sample area counts of N2 response
(ACa /ACm )0 = Area counts of Ar divided by area
2 counts of N2 in the initial
reactant air
The ratio of the area counts of Ar to the area counts of 
N2 in the initial reactant air was determined by sampling 
a rich CH^/reacting air flame in the far post flame 
region. In this region all the 02 would be consumed and 
only Ar would remain. The ratio was found to be 0.0135.
b. Atom balances and mole fractions of HC1 and H20. Atom 
balances for carbon, hydrogen, chlorine, and oxygen were 
calculated by using N2 as a tracer. Nitrogen is assumed 
unreactive. A tracer is necessary since the total number 
of moles may change in reacting systems. Experimental atom 
balances within a single sample were calculated from the 
experimental mole fractions using the following 
expression:
where
III.2
Ba k = balance for atom a at location k relative 
' to the unreacted flow
^ = mole fraction of compound i at location k
N . = number of a atoms in compound i
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. . = indicates the unreacted flow I/O
Closure was only possible for carbon since neither HC1 nor 
H2O are quantifiable with the analytical methods used.
Estimates of the mole fraction for HgO and HC1 are 
made from unclosed atom balances. It is assumed that the 
mole fraction of molecular chlorine in these flames is
small, and any unaccounted for chlorine forms HC1. This
latter assumption appears reasonable since the Cl/H ratio
was less than one for all flames studied and hence
molecular chlorine is not expected to be a stoichiometric 
product. Excess oxygen is assumed to form H2O. Using this 
approach both the hydrogen and carbon balances can be used 
to verify the data. It should be stressed that the carbon 
balance is independent of the estimated HC1 and 1^0 mole 
fractions and hence is free of any errors contained within 
these estimates.
E. TEMPERATURE MEASUREMENTS
1. Thermocouple Probes
Temperature measurements were initially made with the 
thermocouple configuration depicted in Fig. III.10. 
Platinum - 10% Rh vs Pt thermocouple wire of 0.076 mm was 
supported by 0.25 mm wire in a rake configuration. The 
supporting wire was bent inwards to hold the sensing wire 
taut to eliminate drooping. In this manner, the sensing
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wire could be held parallel to the burner surface, and 
thus in an isotherm where conduction effects may be 
neglected. However, when placed in a flame, the support 
wire softens and allows the sensing wire to droop.
This problem was overcome by the thermocouple 
configuration in Fig. III.11. Here the sensing wire is 
supported by two ceramic tubes. One is fixed while the 
other is allowed to pivot. A spring is then used to
provide tension on the thermocouple. Platinum - 13% Rh vs 
Pt wire is used, due to its higher upper temperature 
limit. When placed in a flame the spring keeps the wire 
straight and, therefore, the sensing wire can be oriented 
parallel to the burner surface. Aluminum is used for the 
supporting block due to its availability and ease of
machining. This is not the optimal choice for corrosion
resistance. After each use in a CHC flame, the fixture is
sandblasted and lubricated with silicone oil to allow for 
pivoting of the free supporting arm.
2. Radiation Correction
The radiation correction methods are similar to the 
approach used by Kaskan (1953) and Jang (1984). When a 
thermocouple is placed in a convecting gas flow the 
temperature of the thermocouple will only approach the 
temperature of the flow. This discrepancy is due to 
radiation and conduction losses which are not compensated
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for by the convective heat transfer from the flow to the 
thermocouple bead. By performing an energy balance on the 
thermocouple bead the actual gas flow temperature can be 
estimated.
The radiation correction algorithm used in this study 
is described in Appendix B. Jang (1984) reported that gas 
conductivity, bead emissivity, and bead diameter were the 
most sensitive parameters. Instead of assuming single 
component properties, mixture conductivities, specific 
heats, and viscosities were used. An emissivity of 0.16 
was selected for uncoated platinum wire (Jang, 1984). The 
bead diameters were measured to within .0005 cm with an 
optical microscope and fine gage wire (0.005 cm) to 
calibrate the optical eyepiece. The radiation correction 
is less than 60 K, or less than 5% of the absolute 
temperature, for beads of 0.01 cm diameter.
CHAPTER IV
EXPERIMENTAL RESULTS
A. INTRODUCTION
Stable species and temperature profiles as a function 
of distance above the burner were obtained for a series of 
CH2Cl2/CH^/air laminar flat flames stabilized on a 6.0 cm 
water cooled burner at 750 torr. Both fuel lean and fuel
rich flames with varying ratios of CH2CI2 to CH^ were
probed. The probing extended from the preheat zone
through the primary reaction zone into the postflame zone.
The experiments were designed to identify and quantify 
important stable intermediates for modeling purposes and 
to investigate the effect of varying reactant mixture on 
POHC destruction and PIC potential.
B. STOICHIOMETRY OF CHLORINATED HYDROCARBON FLAMES
The foundation for determining the stoichiometric 
oxygen requirements for chlorinated hydrocarbon combustion 
is the equilibrium between H20, 02» Cl2 and HC1, which is
controlled by the Deacon reaction:
H20 + Cl2^=^ 2HC1 + l/202 IV. 1
Within the range of incineration temperatures, above 1000
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K, the conversion of almost all of the hydrogen atoms and 
chlorine atoms to HC1 is favored. This implies that in 
determining the stoichiometric 02 requirements, the 
maximum conversion of hydrogen and chlorine atoms to HC1 
is assumed. With Cl/H ratios greater than one, the 
additional chlorine is assumed to form Cl2» On the other 
hand, with Cl/H ratios less than one the additional 
hydrogen is assumed to form H2O. As with hydrocarbon 
combustion all carbon is assumed to form C02.
While stabilization of a CH2Cl2/air flame was 
possible, intense sooting precluded probing this flame 
with the methods presently employed. An auxiliary 
hydrocarbon fuel was used to avoid sooting. Methane was 
chosen since it is the parent hydrocarbon and is the 
primary component of natural gas, which is used in many 
incinerators.
By combining the assumptions for the CHC combustion 
stoichiometry with the stoichiometric reaction equation 
for CH^, the stoichiometric reaction equation for a 
CHC/CH^ mixture with 02 is written as (Senkan et al., 
1983; Miller et al., 1984b):
CH4 + RCaHbClc + (2 + R(4a+b-c)/4) 02 -> IV.2
(1+aR) C02 + cRHCl + (2+R(b-c)/2)H20
where,
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R = molar ratio of CHC to CH^ 
a = number of carbon atoms
b = number of hydrogen atoms
c = number of chlorine atoms
For the particular case of CH2Cl2 this can be written as
CH, + RCH0C10 + (2+R)0, ->
q * 4 * IV.3
(1+R) C02 + 2RHC1 + 2H20
From this stoichiometry, the equivalence ratio, <t>, is 
defined by:
* = (F/0) ejCp/(F/°) gt. = (F/0) exp * (2+R)/(1+R) IV. 4
The subscript (exp) implies actual experimental 
conditions, and (st) implies stoichiometric conditions.
From the definition of R, the Cl/H ratio for a CHjC^/CH^
system is the given by:
Cl/H = 2R/(4 + 2R) IV.5
These definitions of R, <f>, and Cl/H ratio were used in all 
the flames studied. Although the use of the R value is 
widely used in the literature (Senkan et al., 1983; Miller 
et al., 1984b), this work will primarily use the Cl/H 
ratio and 4> to characterize the flames under study.
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C. EXPERIMENTAL DESIGN
The study of flames with multicomponent fuels must be 
characterized by the equivalence ratio, <t>r and also a 
parameter to quantify the relative amount of each fuel. 
With CHC/CH^ flames, changing the relative amount of fuel 
results in a change of the Cl/H ratio. In order to study 
the effect of both the ratio and <f>, the flames depicted
by an "X" in Table IV.1 were targeted for study. The Cl/H
and $ of the actual flames investigated are given in 
parentheses. The mole fractions of the initial reactant
flow for each flame are provided in Table IV.2. These were
determined from GC analysis using the methods described in 
Chapter III. Alternatively, the initial concentration 
could have been determined by calibrating the CH^, air, 
and CH2CI2 flow meters. However, better precision can be 
obtained using the GC methods for initial reactant 
determination. Additionally, the routine checking of 
absolute calibration of the flow meters is quite time 
consuming. While the absolute flow meter calibrations were 
not checked periodically, the flow meter precision at a 
particular setting was found to be well within the 
precision of the GC analysis.
A Cl/H ratio of 0.33 was selected for the tests 
examining the influence of the equivalence ratio. 
Comparisons can be made with previously obtained 
CH3ci/air flames having an identical Cl/H ratio of 0.33
Table IV.1. Proposed and Completed Flames
Cl/H
(R) 0.8 1.0
0.05 X
(0.11) VI (0.062,0.81)
0.333 X X X
(1.0) I (0.33,0.77) V (0.34,1.01) IV (0.33,1
0.80 X
(8.0) III (0.72,0.78) II (0.75,.98)
(Cl/H, <f>) of actual flame probed
Table IV.2. Initial Reactant Flows
Volumetric Mole Fractions
Flame Flow (SLPM*) CH4 CH2C12 °2 N2 R CL/H *
I 9.4 0.0491 0.0493 0.191 0.701 1.0 0.33 0.772
II 9.1 0.0209 0.125 0.171 0.684 6.0 0.75 0.98
III 9.2 0.0203 0.103 0.1842 0.677 5.1 0.72 0.78
IV 6.9 0.0680 0.0669 0.185 0.676 0.98 0.33 1.10
V 6.9 0.0613 0.0628 0.183 0.690 1.02 0.34 1.01
VI 11.1 0.075 0.0100 0.198 0.71 0.133 0.062 0.81
*SLPM - Standard liters per minute at 1 atm and 21 C
VO
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(Miller et al., 1984b). The equivalence ratio was varied 
from fuel lean conditions ( <f> = 0.8) to fuel rich
conditions (<J> = 1.10). Although an equivalence ratio of 
1.2 was targeted for study, it could not be reached due to 
a high frequency oscillation, which was visible at <J> above 
1.1 for R equal to 1.0. Subsequent investigation has shown 
that this problem could have been avoided by increasing 
the total reactant flow, and hence the total energy 
release.
Another set of experiments was designed to study the 
effect of variable Cl/H ratio at a fixed <J>. Initially a 
fixed <|> of 1.0 was selected. However, particulates were 
formed at <J> = 0.98 and Cl/H = 0.75 in the flame zone and 
then consumed in the postflame zone. These soot particles 
restricted the range over which data were taken since the 
entire flame zone could not be probed. The variation in 
Cl/H was then shifted to a fixed <J> of 0.80, corresponding 
to 20% excess air. The variation of the Cl/H ratio at a 
fixed <f> corresponded to a 1160% increase in the chlorine 
loading.
D. EXPERIMENTAL ACCURACY AND PRECISION
Accuracy is a measure between the true value and the 
measured value, while precision is a means to express 
exactness. Accuracy is difficult to obtain without 
adequate precision, and precision is not sufficient to
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insure accuracy. High precision with calibration will 
yield accuracy (McNair and Bonelli, 1967).
1. Spatial Measurements
All spatial measurements were made with a precision 
cathetometer accurate to 0.001 cm. Two measurements are 
required for each location, resulting in an experimental
accuracy of 0.002 cm. Initially, the precision (one
standard deviation) was greater than 0.002 cm which was 
attributed to difficulties in sighting the burner surface. 
The surface is slightly irregular due to the very nature 
of the porous plug. This problem was overcome by scribing 
a reference line around the burner housing 0.1 cm below 
the burner surface. All measurements were then made from 
the probe to the reference mark, and the distance from the 
burner surface to the probe was determined by subtracting 
the distance between the reference and surface. This 
distance between the reference and surface was determined 
before each experiment to allow for any deviations
resulting from the prior disassembly of the burner and 
subsequent alignment. Variations of less than 0.01 cm were 
found between subsequent burner assemblies. By utilizing 
the reference line, the precision of probe locations was 
measured to be 0.002 cm. Any deviations from this were
generally the result of an obstructed view port or eye 
fatigue.
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2. Species Mole Fractions
Accuracy for each sample could only be determined 
absolutely from atom balances and assuring that the sum of 
the mole fractions totaled one. While this does provide a 
global indicator of accuracy, the large number of species 
present in concentrations which vary over orders of 
magnitude preclude the practical use of atom balances or 
mole fraction sums to determine the accuracy of a
particular species measurement. In addition, some species 
which were known to be present, such as HC1 and H20, are 
very difficult to measure with a GC and were not
quantified. It should be emphasized that carbon and 
hydrogen atom balances and mole fraction sums can be used 
to dietect errors, but they are not sufficient to insure 
accuracy. In view of the above, the accuracy can only be 
estimated.
The accuracy of the calibration mixtures was 
conservatively estimated to be 3% based on the accuracy of 
the pressure transducers used (1% of the reading) . The 
accuracy of both the FID and TCD are very good and well
within 1%. The same manometer used to make the
calibrations was used to measure the injection pressure 
with an accuracy of 1%. Provided the precision of the 
measurements is good, the accuracy of each mole fraction 
measurement is conservatively estimated at 5%.
Unfortunately, the precision for select compounds is
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greater than 5%. As Table III.3 indicates, the precision 
of the GC method is a strong function of compound type and 
concentration. While for the lightly chlorinated compounds 
the precision is approximately 5%, this value approaches 
15% for more heavily chlorinated compounds.
In view of this, the accuracy for the mole fraction 
data is estimated to range from 5% for HCs, lightly 
chlorinated CHCs, and fixed gases, to 20% for the lower 
level highly chlorinated CHCs. Inherent in this analysis 
is that losses in the sample train are small and that the 
flame is stable. Tests utilizing the sample train and a 
typical quartz probe with 100 ppm calibration gas showed 
no significant difference between when the gas was 
injected directly into the GC sample manifold or when it 
was extracted through the sample train and subsequently 
injected. Hence, the sample train external to the GC was 
not considered a source of error.
Flame stability was checked by visual inspection. 
The luminous zone allows for flow visualization. In 
addition, the white afterburning region of the more highly 
chlorinated flames provided flow visualization well above 
the burner. Flow rates and cooling water temperature were 
adjusted so that no apparent fluctuations were present. 
However, this did not preclude the isolated fluctuations 
which were a result of condensed droplets ( H20 and HC1) 
or small pieces of corroded metal impacting the burner.
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These isolated fluctuations are a practical reality of all 
combustion. Recent system modifications have nearly 
eliminated these fluctuations.
3. Temperature Measurements
Type R thermocouples (Pt-13% Rh vs. Pt) have 
excellent reproducibility and accuracy at combustion 
temperatures, well within 1%. This is due to the rather 
large emf (18 millivolts) generated at combustion 
temperatures (1800 K). Errors in thermocouple measurements 
generally arise from catalytic heating in the flame zone, 
degradation of the thermocouple metal due to the hostile 
environment, and correcting the thermocouple temperature 
for radiation losses.
In the postflame zone, catalytic heating is not a 
problem due to the small concentration of radical species 
available for exothermic recombination on the thermocouple 
surface. Metal degradation was checked by placing the 
thermocouple in the postflame zone of a prescribed CH^/air 
flame before and after the probing of the CHgC^/CH^/air 
flames. With the exception of one flame, no noticeable 
difference was detected indicating little degradation of 
the metal. The one exception was attributed to leaving 
the probe in the combustion chamber for an extended period 
of time after the CHC flame was extinguished. This allowed 
H2O and HC1 to condense on the thermocouple surfaces
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resulting in severe corrosive attack.
Hence, the major source of error in the postflame 
zone is the radiation correction. Radiation correction 
accounts for less than a 60 K change in temperature. The 
sensitivity analysis of the radiation correction indicates 
that bead diameter, bead emissivity, and the thermal 
conductivity of the gas are the most sensitive parameters. 
Based on realistic variations in these parameters the 
accuracy of the temperature profiles is estimated to be 25 
K in the postflame. Precision was generally within this 
estimate for numerous duplicates both in and out of the 
postflame.
Estimating the accuracy of the experimental 
temperature measurements in the reaction zone is
considerably more difficult. Here the gradients are
considerably steeper so that conduction losses due to
orientation out of an isotherm may be pronounced. These 
effects are minimized using the thermocouple configuration 
depicted in Fig. III.11. Using this type of apparatus, 
the sensing wire was ensured to remain in an isotherm.
The more pronounced effect in the reaction zone is 
catalytic heating caused by radical recombination on the 
bead surface. While coating of the thermocouple will 
minimize this problem, the large variation of coating 
emissivities reported in the literature (Jang, 1984)
introduces an additional problem of determining the local
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emissivity. This can be a source of considerable error due 
to the high sensitivity of the radiation correction to 
this parameter. Additional complexities arise from the 
coating procedure itself. Obtaining a coating of uniform 
thickness is difficult. In addition, by increasing the 
diameter of the bead with the coating material, the
magnitude of the radiation correction will increase. In 
view of these concerns, bare wire thermocouples were used 
as a first approximation of the experimental temperature 
in the reaction zone. Errors of up to 50 K due to
catalytic heating have been reported in the literature 
(Kaiser et al., 1984) and may be present in this work.
Precision was also good in the reaction zone.
E. FLAME STABILIZATION
Stabilization of CHC/CH^/air flames is considerably 
more difficult than analagous CH^/air flames. The flame 
speeds of C^Clg/CH^/air are considerably less than 
comparable CH^ flames (Gupta and Valeiras, 1984). Slight 
irregularities in the burner surface or in the burner 
flow, which do not affect the CH^ flames, will cause an 
orange peel appearance in the visible region of CHgClg/CH^ 
flames. Ultrasonic cleaning in a nitric acid solution
generally removes the corrosion induced irregularities
within the porous plug and eliminates the orange peel 
appearance.
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For the more heavily chlorinated flames, the actual 
outside diameter of the flame would shrink well within the 
diameter of the primary sintered plug. The ends of the 
flame would tend to wrap up, thereby reducing the outside 
diameter, even with considerable amounts of N2 shroud 
flow. Additionally, the interface between the shroud flow 
and the CH2CI2 flame was a source of considerable 
instability in the flame. These instabilities at the 
interface were at times the source of high frequency 
oscillations throughout the flame.
Both the problems of flame diameter reduction and 
instabilities at the flame interface were eliminated by 
replacing the N2 shroud flow by a CH^/air flame on the 
outer porous plug. This was.initially suggested in a 
personal communication with Glassman (1984); although he 
only recommended seeding the Ng shroud with CH^. Using 
CH^ in the shroud gas helped somewhat, but the CH^/air 
flame was finally required to obtain the desired flat 
flames. The shroud CH^/air flame had the additional 
advantage of providing a pilot light so that varying 
reactant flows could be tested without the threat of 
extinguishing the flame and having to reignite. The 
successful use of the outside flame required replacing the 
original bronze outside ring with an Inconel porous ring, 
which was machined from porous sintered round stock. The 
outside flame severely accelerated the corrosion of the
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initial bronze shroud sintered ring which could not
practically be pickled in weak acid solutions without
severely degrading the bronze plug.
F. EXPERIMENTAL STABLE SPECIES AND TEMPERATURE PROFILES
The experimental data obtained in this study are
presented in Figs. IV.1 through IV.18. Mole fraction has 
been abbreviated to MF. A number of features are common 
to the flame data presented. All the experimental data 
obtained is presented, none has been omitted. The actual 
experimental data are plotted with symbols and as a
function of probe height above the burner. No attempt has 
been made to adjust the profiles for probe disturbance
effects. Lines have been added only to improve
visualization. The position of the bottom of the luminous 
zones is indicated by a wide tick mark on each distance 
axis. Due to the milkish white afterburninig region in 
most of the flames, the end of the luminous zone could not 
be determined with any meaningful precision. The probing 
density was increased as gradients were detected in the 
measurements.
Three figures are presented for each individual 
flame. The first figure presents temperature, both 
radiation corrected (TCR) and uncorrected (Tuc), as well 
as the major stable species as a function of distance 
above the burner surface. Mole fractions for as many as
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ten minor species are plotted in the second figure as a 
function of distance above the burner surface. Carbon and 
hydrogen atom balances were used as indicators of accuracy 
for each flame and are plotted in the third figure as a 
function of distance above the burner. As noted in Chapter 
III, HC1 and H2O were not measured with the current
analytical methods. HC1 mole fractions were calculated 
from chlorine atom balances and HjO from oxygen atom
balances. These calculated profiles are also presented in 
the third figure along with CH^ and CHjClg profiles for 
reference. The mole fractions, atom balances and 
temperatures are tabulated in Appendix C.
Bottled air was used for flames I, II, and III while
compressed room air was used for flames IV, V, and VI. The
room air was dried with dessicant and purified with
activated charcoal. The analysis of room air showed a
constant ratio of (O2 + Ar) to Both the compressed
room air and bottled air were free of C^ and C 2 HCs and 
CHCs. However, minor discrepancies were noted for the (Og 
+ Ar) to N2 ratios of purchased bottled zero air. This 
could affect the data in two independent ways: varying the 
ratio of Oj to dilutant in the feed stream or changing the 
ratio of Ar to N2 so that the Ar response could be
subtracted out of the (Oj + Ar) response to yield Oj.
The Ar mole fraction was found to vary from that of 
standard air (0.00934) to nearly zero. Even by assuming
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that the change in Ar concentration was 0.00934, the ratio 
of C>2 to dilutant (Nj and/or Ar) would change by less than 
1%. Therefore, switching from one bottle of zero air to 
another would not significantly affect the O2 feed rate.
However, since the present GC methods are not capable of
separating Oj and Ar, the Ar to N2 ratio must be constant 
and known so that the Ar response can be subtracted to 
yield the O2 response. The Ar problems were avoided in 
flame II by using commercially prepared mixtures of Oj and 
N2. While this proved satisfactory for flame II, the cost 
of these mixtures ($150/flame) prohibited their further 
use. In flames I and III, zero air bottles were selected 
so that their (02 + Ar) to N2 ratios were all within 1 %. 
The problem was permanently resolved with the use of 
purified room air which was shown to have a consistent Ar 
to N2 ratio.
1. Flame I (Cl/H = 0.33, <t> = 0.77)
This was the initial flame probed with the current GC
methods. The flame data is presented in Figs. IV. 1 through 
IV.3. The bottom of the luminous zone was positioned 
0.080 cm above the burner surface and hence probing below 
this zone was possible. The luminous zone was green in 
contrast to blue which is characteristic of premixed 
CH^/air flames. The afterburning region had a whitish 
appearance with a slight trace of orange, indicating small
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amounts o£ soot. The flame zone extends to approximately 
0.25 cm above the burner. At this point most of the major 
intermediates plotted in Fig. IV.2 have been consumed with 
the exception of CHClg. The experimental profiles are 
smooth with the minor exceptions noted below. The data 
exhibit very little scatter. The carbon and hydrogen atom 
balances were within 5%.
The sharp rise in the 02 data above 0.4 cm was the 
result of a change in the 02 content of the air supply. 
The analysis of the unreacted flow and the eleven flame 
samples for 0.297 cm and below were taken with the same 
batch of bottled zero air. However, the three samples at 
0.401, 0.500, and 0.598 cm were taken with synthetic air.
It had been erroneously assumed that the 02 mole fraction 
would be 0.21 for synthetic air. In actuality, this ratio 
varied as much as +10% between bottles. As a result the 02 
data points exhibit a discontinuity. Since the 02 profile 
is relatively flat from 0.231 cm to 0.297 cm, the profile 
was presumed to to remain flat above 0.297 cm, as 
indicated by the dashed line. The C02 profile in the 
postflame region was not affected by the variation in the 
02 content since the equivalence ratio (<J>) was still less 
than one for both sets of data and the flow rate of 
reacting carbon (CH4 and CH2C12) was not changed. The use 
of synthetic air was discontinued after this flame.
The 02 and N2 data points exhibit a sharp rise at
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0.019 cm while the other major species exhibit a drop. 
This is attributed to ambient air leaking into this
particular sample.
2. Flame II (Cl/H = 0.75, * = 0.98)
The data for flame II are plotted in Figs. IV.4 
through Figs IV.6. The luminousity of this flame was most 
striking. An orange-zone, indicating sooting conditions, 
was positioned 0.079 cm above the burner surface. Above 
this zone was a green region whose appearance was similar 
to that encountered in flame I. The soot was apparently 
produced early in the flame and then subsequently
consumed. The afterburning region was again white.
The presence of soot precluded species probing in the 
orange zone resulting in a species data gap between 0.124 
cm and 0.233 cm. The soot accumulated on the exterior of 
the probe resulting in severe flame disturbance. The
accumulated soot was burned off by repositioning the probe 
in the postflame region for a few minutes. Soot
accumulation did not appear a problem for the locations 
where samples were withdrawn.
In spite of the soot, the flame appeared stable but 
was lifted high off the burner. The outer CH4/air shroud 
flame was critical for flame stability. The major species 
profiles were smooth. The CO mole fraction had not 
equilibrated even at 0.493 cm above the burner. The 0.493
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sample was duplicated by repositioning the probe to within 
0.001 cm and excellent agreement was obtained for the 
major species.
Obtaining the temperature data for this flame was 
extremely difficult due to the higher temperature. The 
thermocouple bead temperatures were close to the 
structural upper limit for Type R thermocouples. Numerous 
beads were broken while probing this flame. Due to this, 
the error in temperature for this flame is estimated to be 
closer to 100 K.
The minor species exhibit considerable scatter. The 
GC methods are too reproducible to account for the 
majority of this scatter. Both the lightly and highly 
chlorinated compounds exhibit considerable scatter. The 
more highly chlorinated compounds are in general more 
susceptible to adsorption in the sample train. In view of 
this, the bulk of the scatter is attributed to minor 
fluctuations in the flame which had a more pronounced 
effect on the minor species. The high chlorine loading of 
this flame accelerated the corrosion rate of the burner 
and exhaust system. This could have physically perturbed 
the flame although it was not visibly apparent. In spite 
of the scatter, the carbon balance was within 20% and the 
hydrogen balance within 10%. The estimates of the HC1 
profile were negative (nonphysical) in the early part of 
the flame which corresponded to the largest errors in the
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carbon balance. This nonphysical behavior was attributed 
to a high measurement of CH2CI2 which overpredicted the 
carbon and chlorine atom counts early in the flame
resulting in a carbon balance greater than one and 
negative estimates of HC1. This was experimentally the 
most difficult of all of the flames studied.
3. Flame III (Cl/H = 0.72, <p = 0.78)
The data for flame III are plotted in Figs IV.7.
through IV.9. With the equivalence ratio near 0.8, the
flame speed was so low that a flat flame was not possible 
at the Cl/H ratio of the previous flame. A stable flame 
was obtained by reducing this ratio to 0.72.
The luminousity was similar to flame I in that there
was a single green luminous zone. However, the after
burning region was considerably whiter than flame I with a
slight orange glow. There was no apparent sooting below
the luminous zone as in flame II.
The temperature data were obtained with 6 different 
thermocouples on 3 different days. Within this context, 
the data exhibit little scatter and indicate the 
consistency of the thermocouple construction procedure. 
The experimental species profiles, both major and minor,
are smooth with the exception of CHjClj at 0.134 cm. The
majority of the minor species profiles are nearly flat for
the first 0.12 cm. with the exception of CC14. Carbon
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tures, uncorrected flame temperatures (T ), 
and major stable species mole fractions (RF) 
vs. distance above burner surface
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Fig. IV.8. Flame III (Cl/H » 0.72, <J> = 0.78, P = 750 Torr) 
minor stable species mole fractions (MF) vs. 
distance above burner surface
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Fig. IV.9. Flame III (Cl/H = 0.72, <J> = 0.78, P = 750 Torr) 
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tetrachloride was identified as a trace impurity in the 
CH2CI2 feed stream and the flat profile is indicative of 
this. In essence, very little CCl^ intermediate was 
observed.
The carbon and hydrogen balances were within 20% and 
14% respectively. As with flame III, the estimated HC1 
profile was nonphysical early in the flame. This is again 
attributed to excessive measurement of the Cl^Clg profile 
early in the flame. In summary, the flame was quite 
stable but extremely corrosive. Severe exhaust system 
corrosion was experienced with this flame.
4. Flame IV (Cl/H =0.33, <f> = 1.10)
A number of minor changes were made in the facility 
between flames III and IV which improved reliability and 
precision. Bottled air was replaced by filtered and dried 
compressed room air in order to provide consistent Ar 
levels. The bronze shroud ring which was susceptible to 
severe corrosion was replaced with a ring machined from a 
porous inconel disk. This all but eliminated corrosion on 
the outer ring. The final modification was to replace much 
of the stainless exhaust tubing between the top flange and 
condenser with rubber chemical transfer hose. This reduced 
the amount of particulate accumulation on the top screen.
The data for flame IV is presented in Figs. IV.10 
through IV.12. The flame was very stable. The luminous
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Fig. IV.10. Flame IV (Cl/H = 0.33, 4 = 1.10, P = 750 Torr)
radiation corrected (T ) flame tempera­
tures, uncorrected flame temperatures (T ), 
and major stable species mole fractions (RF) 
vs. distance above burner surface
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Fig. IV.11. Flame IV (Cl/H = 0.33, ♦= 1.10, P = 750 Torr)
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Fig. IV.12. Flame IV (Cl/H = 0.33, <P = 1.10, P - 750 Torr) 
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zone was greenish blue and there were no indications of 
soot. The after burning region was again white. The CCl^ 
profile is again attributed to its presence as an impurity 
in the CH2CI2 feed.
The profiles appear smooth with the exception of a 
discontinuity in C02 and CO which was a result of a change 
in the air flow rate. The initial air flow was less than 
that reported in Table IV.2 when probing was begun above 
0.6 cm. In order to maintain flame stability as the probe 
was positioned closer to the burner surface, the air flow 
was increased to the value reported in Table IV.2 at 0.332 
cm, resulting in a flame free of high frequency 
oscillations. The remaining eleven of the fifteen flame 
data points were taken at the reported flow rate.
The most striking feature was that with this richer 
flame, the concentrations of all intermediate species fell 
below the method detection limits (MDLs) within the 
postflame. Above 0.5 cm the only measurable CHC was 
CH2CI2• Carbon and hydrogen atom balances were within 8% 
and 7% respectively.
5. Flame V (Cl/H = 0.34, = 1.01)
The flame data has been plotted in Figs. IV.13 
through IV.15. The luminousity was again green but 
appeared more blue than the previous flame. The flame was 
very stable over the course of the experiment. The
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Fig. IV.13. Flame V (Cl/H = 0.34, <f> = 1.01, P = 750 Torr) 
radiation corrected (T ) flame tempera­
tures, uncorrected flame temperatures (T ), 
and major stable species mole fractions TRF) 
vs. distance above burner surface
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presence of CCl^ was attributed to its presence in the 
CH2C12 feed.
The major as well as the lightly chlorinated minor 
species profiles appear smooth. Duplicate samples were 
taken at 0.3 cm above the burner and excellent agreement 
was obtained. In this case, the samples were actually 
taken with different probes. Considerable scatter is 
exemplified for the CHClg profile. The mole fractions 
exhibit a trend of oscillating from high to low between 
points. The scatter in CHClg is attributed to contaminants 
in the sample bottles.
Carbon and hydrogen balances were within 7% and 5%, 
respectively. This improvement in the carbon balance 
resulted in more realistic estimates of HCl and H20.
CHClg was the only intermediate which maintained a 
concentration above the MDL. Tetrachloroethene was the 
next most stable intermediate measured. The equilibrium 
value of CO had not been reached as high as 0.6 cm above 
the burner which is indicative of the chlorine inhibition 
of CO oxidation. Copious amounts of C 2H2 were also formed 
while only trace amounts of C 2Hg were measured.
6. Flame VI (Cl/H = 0.062, 0.81)
The data for flame VI are presented in Figs. IV.16 
through IV.18. The Cl/H ratio for this flame was an order 
of magnitude less than in all the previous flames. Due to
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this low chlorine loading, the flame possesses many of the 
characteristics of a CH^/air flame. The flame was stable 
and located very close to the burner. This was attributed 
to the higher flame speed. The luminous zone was so thin 
that only three samples were extracted from within this 
zone.
The species profiles are again smooth. The CO2 
profile has equilibrated by 0.2 cm. The CCl^ mole 
fractions were of the same magnitude as that found in the 
unreacted flow indicating that CCl^ was not a major 
intermediate. As was detected in all the previous lean
flames, CHCI3 was the only detectable chlorinated 
intermediate which extended through the postflame zone. 
When the air flowrate was temporarily reduced to fuel rich 
conditions («f> ~ 1.2), CHCi^ concentrations fell below the 
MDL in the postflame zone. Carbon balances were within 8% 
and hydrogen balances within 12%.
G. SUMMARY
Stable species and temperature profiles have been
obtained for a series of six CH2Cl2/CH4/air flames with
varying <{> and Cl/H ratios. The experience gained with
each flame resulted in improvements of equipment, 
operational procedures, and in data interpretation 
resulting in higher confidence levels. As the facility is 
presently configured, it is capable of sustained operation
and of providing dependable data.
CHAPTER V
DISCUSSION
A. INTRODUCTION
Chapter V has been divided into four major sections. 
Chemical equilibrium calculations are presented in the 
first section for the initial reactant mixture of each 
flame at the adiabatic flame temperature and at a range of 
temperatures which bracket the experimentally measured 
postflame temperature. In the second, comparisons are 
made between flames of constant <(» with varying Cl/H ratios 
and then between flames of constant Cl/H ratio and varying 
<J). The stable species profiles presented in Chapter IV are 
replotted to demonstrate similarities and differences. The 
third section contains a discussion regarding the 
implications that the reported data have towards full 
scale incineration. In particular, emphasis has been 
placed on PICs. Section IV contains a discussion on CHC 
global kinetic modeling.
B. EQUILIBRIUM CALCULATIONS
Chemical equilibrium calculations were made for each 
flame using the initial mole fractions listed previously 
in Table IV.2. A computer program, developed at the NASA 
Lewis Research Center by Gordon and McBride (1971), was 
used for the calculations. The thermochemistry input for
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this program was compiled by Miller (1984, personal 
communication) in his detailed modeling of CHC ignition. 
This included all the and C 2 stable intermediates as 
well as numerous radical species.
A summary of the calculated results is presented in 
Table V.1. Adiabatic flame temperatures and equilibrium 
concentrations at the adiabatic flame temperature are 
presented. In addition, equilibrium concentrations at 100 
K increments that bracket the experimentally measured 
postflame temperatures are presented. Stable species mole
fractions measured late in the postflame (CO, CO2, H2, N2,
02) as well as those calculated from atom balances (HC1 
and H20) have been included for comparison with the 
equilibrium calculations. Parentheses were used to 
designate the experimental values. Reasonable agreement 
was obtained.
The C^ and C 2 HCs and CHCs were considered as
products but were not presented since their equilibrium 
mole fractions were calculated to be less than 1 ppb. The 
calculations indicate that under all experimental 
conditions, the presence of stable HC or CHC intermediates 
(candidate PICs) in the postflame was not a result of
equilibrium constraints. In essence, the PIC problem 
cannot be explained in terms of equilibrium.
The equilibrium calculations can provide insight into 
the radical concentrations within the postflame zone.
Flame
Temperature
<K>
C(s)
CO
Table
1960* 1700 1800
MOLE FRACTIONS
V.l. Equilibrium Flame Calculations 
II
2000
co2
Cl
Cl 2
H
HC1
H,
h 2o
n2
0
OH
0-
< 10-9 < 10-9 < 10-9
0.00045 0.000032 0.000097
-«MDL)-
0.094 0.095 0.094
-(0.099)-
0.0078 0.0034 0.0048
0.00015 0.00030 0.00023
0.000013 0.00000046 0.0000018
0.089 0.091 0.089
-(0.097)
0.00011 0.0000096 0.000026
- (<MDL)-
0.098 0.096 0.097
-(0.103)
0.67 0.67 0.67
-(0.70)-
0.000096 0.0000090 0.000024
0.0011 0.00024 0.00046
0.038 0.040 0.040
-(0.040)-
2086*
< 10"8 
0.0070
0.12
0.018
0.00033
0.000066
0.20
0.00054
0.045
0.60
0.000058
0.00067
0.0021
1900 
MOLE FRACTIONS
< 10“8 
0.0018
0.13
-8< 10
0.0040
-(0.0039)-
0.12
-(0.128)-
0.011
0.00046
0.0000095
0.21
0.014
0.00037
0.000029
0.21
-(0.23)-
0.00014 0.00031
- «MDL)-
0.042
0.60
0.000012
0.00024
0.0015
0.044
-(0.044)-
0.60
-(0.63)-
0.000027
0.00041
0.0017
-(0.0023)-
III
1927* 1800 1900
MOLE FRACTIONS
< 10"9 < 
0.00044 0.
0.11 0.
0.018 0 . 
0.0011 0. 
0.0000064 0. 
0.17 0.
0.000043 0.
0.047 0.
0.62 0 .
0.000065 0.
0.00061 0 . 
0.030 0.
10-9 < 10-9
00013 0.00034
- «MDL)-
11 0.11
-(0.12)-
013 0.017
0016 0 . 0 0 1 2
0000013 0.0000046
17 0.17
-(0.19)-
000013 0.000034
-«M D L ) -
045 0.046
-(0.046)-
63 0.62
-(0.64)
000022 0.000052
00029 0.00053
032 0.031
.032)-
* - indicates adiabatic £lame temperature 
( ) - experimental postflame value
HUO
CO
Flame
Table V.l.
IV
Eguilibrium Flame Calculations (continued) 
V VI
Temperature 2189* 
(K)
1800 1900 
HOLE FRACTIONS
2184* 1800 1900 
MOLE FRACTIONS
2039* 1700 1800 
MOLE FRACTIONS
C(s) 0.00000011 0.00000049 0.00000030 0.000000016 0.000000010 0.0000000088 < 10'9 < 10~9 < 10"9
CO 0.030 0.025 0.026 
-(0.044)-
0.012 0.0039 0.0048 
-(.0040)-
0.00080 0.000030 0.000090 
- «MDL)-
c°2. 0.094 0.099 0.098 
-(0.098)-
0.10 0.11 0.11 
-(0.12)-
0.083 0.084 0.084 
-(0.092)-
Cl 0.0053 0.00038 0.00085 0.0080 0.00099 0.0021 0.00163 0.00056 0.00080
d 2 0.000014 0.000014 0.000030 0.000033 0.000017 0.000024 0.000004 0.000008 0.000006
H 0.00045 0.000032 0.000069 0.00026 0.000012 0.000027 0.000037 0.00000058 0.0000023
HC1 0.12 0.12 0.12 
-(0.131)-
0.11 0.12 0.12 
-(0.13)-
0.018 0.019 0.019 
-(0.22)-
«2 0.0072 0.0079 0.0075 
-(0.070)-
0.0026 0.0011 0.0012 
- «MDL)-
0.00030 0.000016 0.000042 
-«M D L ) -
h 2o 0.12 0.12 0.12 
-(0.137)-
0.11 0.11 0.12 
-(0.122)-
0.15 0.15 0.15 
-(0.17)-
n 2 0.62 0.63 0.63 
-(0.70)-
0.65 0.65 0.65 
-(0.71)-
0.71 0.71 0.71 
-(0.78)-
0 0.000044 0.000000098 0.00000062 0.00011 0.00000071 0.0000038 0.00017 0.0000086 0.000023
OH 0.0010 0.000032 0.000091 0.0016 0.000086 0.00022 0.0020 0.00029 0.00056
°2 0.00031 0.00000064 0.0000042 - «MDL)-
0.0021 0.000034 0.00016 
-(0.0012)-
0.035 0.038 0.036 
-(0.038)-
* - indicates adiabatic flame temperature 
( ) - experimental postflame value
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Within this zone, conditions are close to equilibrium, 
indicated by the close agreement between calculated and 
measured concentrations. Results indicate that within the 
richer flame (IV), the concentration of the H radical is 
much larger than in the leaner flames (I and V) with the 
same Cl/H ratio, while the concentrations of the 0, OH, 
and Cl radicals are much less. As would be expected, the 
Cl radical concentration increases with increased chlorine 
loading. The radical concentrations within the postflame 
are a very strong function of <P and the Cl/H ratio. These 
variations can be expected to influence the rate at which 
stable intermediates which exit the flame zone are
decomposed.
C. FLAME COMPARISONS
Comparisons were made between flames of differing
reactant mixture as outlined in Table IV.1. In the first
comparisons, the equivalence ratio is held fixed at
0•79+0. 02, corresponding to fuel lean conditions, and the 
Cl/H ratio is varied in excess of an order of magnitude, 
from 0.062 to 0.72. As evidenced by the marked shift in 
luminousity, there were significant changes in the flame 
chemistry. The second comparisons are made by holding the 
Cl/H ratio fixed at 0.33+0.01 and varying $ from 0.77, 
fuel lean conditions, to 1.10, fuel rich conditions. Again 
this resulted in a marked shift in flame chemistry.
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Initially it was thought that the postflame 
temperature could also be held fixed while variations in 
Cl/H ratio and ♦ were made. Selection of reactant 
mixtures with similar adiabatic flame temperatures will 
generally not result in similar postflame temperatures due 
to variation in the heat extraction rate. The rate of 
extraction is a strong function of how high the flame is 
lifted off the burner which depends on the flame speed. 
Selection of the appropriate total flow rate to yield a 
desired heat extraction rate and hence a desired postflame 
temperature, while maintaining flame stability and holding 
either <J> or the Cl/H ratio fixed and varying the other, 
proved impractical. Nevertheless, the corrected postflame 
temperatures ranged less than 150 K for the three flames
with varying Cl/H ratio and 100 K for the flames with
varying <)>.
1. Variation of Cl/H (<j> = 0.79)
This data is obtained from flames I, III, and VI. 
Increasing the Cl/H ratio will not only raise the
concentration of HC1 but also will raise the concentration
of highly reactive chlorine atoms. A comparison of the 
mole fractions of the intermediate species for fixed $ and 
varying Cl/H ratio is presented in Figs. V.l through V.3 
as a function of distance above the burner. The HC, CO, 
and H2 mole fractions (MFs) are plotted in Figure V.l.
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Only the low chlorine loaded flames exhibited significant 
quantities of C^H^. In addition, the highest chlorine 
loaded flame exhibited considerably higher C 2H2 mole 
fractions. In all flames, only trace levels of C 2Hg were 
measured. These observations are in agreement with those 
previously reported for CHgCl (Miller et al., 1984b): that 
the more highly saturated HCs are unstable in the presence 
of chlorine. The instability of C 2H4 an(^  C 2H6 *n 
chlorine loaded flames has been attributed to the Cl 
catalyzed abstraction of hydrogen atoms (Weissman and 
Benson, 1984).
The maximum CO level corresponding to the highest 
chlorine loading is in agreement with previous work on the 
inhibition of CO oxidation by chlorine containing species. 
(Palmer and Seery, 1960; Bose and Senkan, 1983). The main 
effect is the scavenging of H radicals thereby competing 
with the following important chain branching and CO 
oxidation reactions :
H + 0.2 = OH + 0 V.l
CO + OH = C02 + H V.2
The net effect is the inhibition of the oxidation of CO. 
It is interesting to note that the peak CO mole fractions 
are approximately the same order of magnitude for Cl/H
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ratios of 0.062 and 0.33, but show a marked rise for a 
Cl/H ratio of 0.72.
The only detectable H2 mole fractions were for the 
low chlorine loaded flame under fuel lean conditions. The 
mole fraction reported could be a result of either 
molecular H2 in the flame or recombination of atomic 
hydrogen in the probe forming H2. In either case the 
results support the premise that increased chlorine 
loading will result in increased scavenging of the H 
radical. The present analytical method for H2 is less 
than optimal in terms of lower detectability limits. The 
values depicted in Figure V.l are very close to the 
estimated MDL of 1500 ppm. Nevertheless this high MDL 
does not affect the conclusion regarding H radical 
scavenging and its implication to the inhibition of CO 
oxidation.
Comparison plots for four lightly chlorinated 
compounds are presented in Figure V.2. Methyl chloride and 
1,2-C2H2C12 exhibit trends of increasing concentration 
with increasing chlorine loading. In contrast, C 2H3C1 and 
1,1-C2H2C12 do not exhibit this trend. The peak 
concentrations of C 2H 3C1 were nearly the same in all three 
flamies. While the peak concentrations of 1,1-C2H2C12 were 
approximately equal for the 0.33 and 0.72 Cl/H ratios, 
only trace levels were detected at the low chlorine 
loadings. In summary, as the chlorine loading was
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increased, the lightly chlorinated C 2 CHCs exhibited
mixed trends.
Comparison plots for the more heavily chlorinated 
compounds are presented in Figure V.3. As would be
expected, only trace quantities of highly chlorinated
compounds were detected for a Cl/H ratio of 0.062, and as 
the chlorine loading increased so did the concentration of 
the these heavily chlorinated compounds. Most striking is 
the tailing in the postflame zone of C2C14 and CHCI3. 
Chloroform was present throughout the postflame zone for 
all but the lowest chlorine loading. While C 2C1^ did fall 
below its MDL, it was considerably more stable than the 
lighter chlorinated compounds.
With • the exception of the highest chlorine loading, 
the CCl^ profiles exhibit characteristics of a fuel in the 
feed stream. The profiles are either flat or steadily 
decreasing. Analysis of the unreacted flow indicated that 
trace quantities of CC14 were present in the CH2C12 feed. 
The general trend of decreasing concentration with 
increasing distance above the burner supports the premise 
that CCl^ would not be detected in significant 
concentrations for "pure" CH2d 2/CH4/air flames. Had there 
been a significant net creation of CC14 , the profile would 
exhibit an increase characterized by a peak in the 
profile. The CC14 profile for the Cl/H loading of 0.72 
could possibly exhibit this profile; however, a definitive
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statement is precluded by the scatter in the data. Hence/ 
the CCl^ profiles were considered a consequence of 
contamination in the CH2C12«
The results of the variation in Cl/H ratio are 
summarized in Figure V.4 by plotting the peak detected 
mole fraction of each intermediate for the three flames. A 
logarithmic scale has been used so that the significance 
of minor variations will be less pronounced as compared to 
large variations. The plot exemplifies the increasing 
importance of the C 2 species as the chlorine content 
increases. With the exception of CgH^Cl and 1,1-C2H2C12 / 
there is a trend of increasing peak concentration with 
increasing chlorine loading for the chlorinated species. 
Vinyl chloride and l,l-C2H2Cl2 have maximums at the
intermediate chlorine loading. In contrast/ both of the 
detected HCs, C 2H4 and C 2H2 exhibit a minimum at the
intermediate loading with C 2H2 concentration reaching its 
maximum at the highest chlorine loading. The high levels 
of C 2h2 correlate well with the tendency of CHCs to soot 
even under lean conditions with high chlorine loadings 
(Senkan et al., 1983).
2. Variation of <t> (Cl/H = 0.33)
A comparison of the intermediate mole fractions for 
fixed Cl/H and varying & is presented in Figs. V.5 through
V.7. The data were obtained from flames I, IV/ and V.
Under fuel lean conditions, there is significant
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quantities of excess 02 in the postflame zone with only 
trace quantities of CO. As the initial reactant conditions 
are varied to fuel rich conditions, significant quantities 
of CO remain and only trace levels of 02 are present in 
the postflame zone. Under fuel lean conditions the 
relative importance of the 0 and OH radicals as compared 
to the H radical increase. Conversely, under rich 
conditions, the H radicals dominate. By fixing the Cl/H 
ratio, the effects of varying chlorine atom concentrations 
are minimized.
The flame zones were positioned within a much tighter 
range for the variation in <t> as compared to the variation 
in Cl/H. Referring to Figure V.5 and using the location of 
the peak mole fraction of CO as an indicator of position, 
the nearly stoichiometric flame was stabilized closest to 
the burner followed by the lean and rich flames which were 
stabilized at approximately the same height. Copious 
amounts of C 2H2 were produced under both stoichiometric 
and fuel rich conditions. The similarity of the C 2H4' 
C 2H2, and CO profiles below 0.12 cm for the stoichiometric 
and fuel rich flames are indicative of the similarity of 
the hydrocarbon chemistry early in the two flames. The 
jump discontinuity of the CO and H2 data for <P = 1.10 at
0.333 cm was the result of a change in the air flow rate 
and has been discussed in detail in Chapter IV. This 
variation demonstrates the sensitivity of H2 levels in the
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postflame to changes in <f>. Equilibrium calculations at 
1800 K for the conditions of the rich flame predicted a H2 
mole fraction of 7900 ppm which is in excellent agreement 
with the experimentally measured value of 7000 ppm. In 
contrast, H2 was only detected in the preheat and reaction 
zones for the near stoichiometric case and was below the 
MDL in all samples for the lean flame. Equilibrium 
predicted concentrations of 1200 ppm and 30 ppm for the 
stoichiometric and fuel lean cases which are in agreement 
with the experimental results considering that the MDL is 
estimated to be less than 1500 ppm.
With the exception of CHgCl, the lightly chlorinated 
intermediate species plotted in Figure V .6 exhibit 
maximums which are nearly similar. While the fuel lean 
flame contained only trace levels of C 2 hydrocarbons in 
comparison to the stoichiometric and fuel rich flames, it 
contained a wide variety of C 2 chlorinated hydrocarbons as 
depicted in Figs. V .6 and V.7. The similarity of the 
CjHjCl profiles for the fuel rich and stoichiometric 
flames is analagous to the previously noted similarities 
of the C 2H4, C 2H2, and CO profiles where the richer flame
resulted in a higher maximum concentration.
A comparison of the heavily chlorinated intermediates 
is presented in Figure V.7. The presence of significant 
levels of CC14 in the flame is again attributed to the 
presence of CC14 in the feed CH2C12 and not to a net
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production in the flame. The same arguments as discussed 
in the previous section apply. Trichloroethene, CgCl^, and 
CHCI3 exhibit varying degrees of tailing into the
postflame. This variance is indicative of the degree of 
stability for each species. The concentration of all 
intermediates fell below their respective MDLs only in the 
fuel rich case. In both the fuel lean and stoichiometric 
flames CHCI3 was present throughout the postflame region.
These results are most significant from a PIC 
viewpoint. The data indicate that the peak concentration 
of CHCI3 is less under fuel rich conditions and that the 
rate of decomposition is faster. The reduction in peak 
concentration and faster CHCI3 decomposition in the
postflame are attributed to the higher levels of H2 and 
hence H radicals in the rich flame. The equilibrium 
calculations of Section B predicted a 160 fold increase 
in the H radical concentration from 2 to 320 ppm as the 
equivalence ratio is varied from 0.80 to 1.10 with a 
contrasting drop in Cl concentration from 4800 ppm to 380 
ppm. The most probable decomposition reactions would be 
the abstraction of HC1 by the H and Cl radicals:
H + CHCI3 = CHC12 + HC1 V.3
Cl + CHCI3 = CCI3 + HC1 V.4
In view of the increased rate of decomposition with rich 
flames and the subsequent rise in the H concentration and
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drop in the Cl concentration, equation V.3 is hypothesized 
as the dominant decomposition reaction in the postflame 
region.
A summary of the peak mole fraction for each 
intermediate species as a function of equivalence ratio is 
presented in Figure V.8. A logarithmic mole fraction scale 
has been used so that the effect of large variations will 
be more pronounced. The data indicate a dramatic increase
in H2# c 2h2' c 2H4' anc3 C0 as t*ie et3uivalence ratio is
shifted to fuel rich. This is indicative of the important
role of Cg HCs in fuel rich hydrocarbon chemistry. With 
the exception of CH^Cl, all the measured C2 CHCs do not 
exhibit a dramatic increase in the peak value as
conditions are varied from lean to rich. Peak CHClg mole 
fractions actually dropped as conditions were varied from 
stoichiometric to fuel rich. This is significant due to 
the apparent stability of CHCI3 in the postflame region.
D. IMPLICATIONS TO FULL SCALE INCINERATION
Combustion of CHCs with a flat flame burner is an 
idealization of full scale incineration. The hydrodynamics 
have been simplified from three dimensional turbulent flow 
to one dimensional laminar flow. Premixing of the
reactants eliminates the effects of liquid and solid
vaporization. Hence, the flat flame burner is not suitable 
to address phenomena which are heavily dependent on the
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hydrodynamics or the vaporization. Nevertheless, since 
these particular effects do not influence the flat flame, 
conclusions can be drawn which might otherwise be masked 
by these effects. An example of this would be conclusions 
regarding the influence of excess air on POHC DRE for an 
incinerator processing a liquid POHC. While it is readily 
apparent that increasing the excess air would result in a 
higher concentration of Oj in the incinerator, there would 
also be an increase in the momentum of the flow which 
could improve the POHC vaporization. Delineating between 
these and other effects is very difficult under full scale 
conditions.
The temperatures typically encountered in this study, 
approximately 1800 K, are at the top of the range for 
typical operating conditions of incinerators (see Table 
II.2). The residence times encountered within the flat 
flame are of the order of 5 millisec while residence times 
are typically of the order of 1 sec for full scale 
incineration. Conclusions drawn from the flat flame with 
regard to decomposition would be conservative with respect 
to residence time.
In summary, the flat flame burner is far removed from 
full scale incineration. Nevertheless, its capability of 
removing turbulence and vaporization from chemical 
kinetics, while maintaining flame conditions, can provide 
chemical kinetic insight into an incinerator.
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1. Flat Flame POHC Destruction and Removal Efficiencies
DREs were calculated for each flame studied. The 
termination of each flame zone was based on the C 2H2
concentration. Acetylene was selected since: (1) it was a 
major intermediate in each CH2CI2 flame probed, and (2) it 
was also the most stable hydrocarbon intermediate
extending past the location of peak CO mole fraction and 
past where the lightly chlorinated intermediates dropped 
below their respective MDLs. In view of this, the end of 
the flame zone was defined to be the sample location at
which the C2H2 mole fraction had dropped below 5 ppm.
These locations corresponded to a flattening of the 
CH2C12 profile indicating an end to flame mode 
destruction. The locations of the end of the flame zones 
are given in Table V.2.
Destruction and removal efficiencies were calculated 
by averaging the CHgClj mole fraction for all locations 
greater than those listed in Table V.2. The results are 
plotted in Figure V.9 as a function of $ and Cl/H ratio. 
Error bars have been included. The error was determined 
from the standard deviation of the multiple measurements 
in the postflame zone. The results indicate that at a Cl/H 
ratio of 0.33 the CH2CI2 DRE was nearly constant at 99.98% 
and hence independent of <f>. The fact that a rich flame was
Table V.2. Height of End of Flame Zone
Flame Height (cm) 
I 0.231
III 0.297
IV 0.236
V 0.251
VI 0.109
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capable of achieving comparable DREs to a lean flame is 
significant. This is in contrast to the prevailing 
thought, as indicated in Table II.2, of using high amounts 
of excess air to achieve high DRE. These data suggest 
that there is not a kinetic barrier to achieving high DRES 
in a flame under either stoichiometric or fuel rich
conditions. A reduction in excess.air would translate into 
reduced fuel consumption; the same flame temperatures 
could be obtained with less fuel due to the reduced amount 
of dilution. In addition, the volumetric flow 
requirements would be less by reducing excess air levels 
resulting in a smaller and less expensive incinerator.
In contrast, there was a significant drop in the DRE 
for high chlorine loaded flames at a constant <f> of 0.79. 
In particular the DRE was nearly flat from a Cl/H ratio of 
0.062 to 0.33, while there was a significant drop from
0.33 to 0.72. This suggests that there is a dramatic shift 
in the mechanism responsible for the net destruction of 
CH2C12 as the chlorine loading is increased. This reduced 
DRE is most likely the result of CH2C12 being formed as a 
decomposition product of the numerous C2 CHC
intermediates.
2. PICs and Stable Intermediates
As indicated by the flame profiles in Chapter IV, a 
large number of chlorinated intermediates are produced
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during the combustion of CH2C12 . The quantified 
chlorinated intermediates are listed in Table V.3. Each of 
these was detected in varying amounts for each flame of 
study. In addition, numerous other compounds were detected 
but could not be identified due to the limited access to a 
GC/MS system and problems with peak separation. However, 
the compounds responsible for the major FID responses for 
each flame were identified and quantified.
Each of the compounds listed in Table V.3 represents 
a potential PIC for full scale incineration since a PIC is 
nothing more than a stable intermediates which, for 
whatever reason, does not undergo complete thermal
decomposition. In general, the CHC intermediates 
exhibited two basic types of behavior. In the first case 
the intermediate concentration increased in an exponential 
manner and then at a critical point decomposed very 
rapidly from a peak value to levels below the compound
MDL. Both CHgCl and C 2HgCl exhibit this type of behavior.
The bulk of the intermediates detected as well as those 
with the highest concentrations fall into this category. 
The critical point generally corresponds to the point 
where the POHC (CH2C12) destruction is in excess of 99% 
complete. This suggests that the dramatic drop in
concentration is not due to an increase in the rate of 
decomposition but to a drop in the rate of production. 
This emphasizes the key role which intermediates play in
Table V. Quantified Chlorinated Intermediates 
CH 2 C1 2 /CH4/Air Flames
CH 3 CI
CHCI3  (most stable)
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flame mode destruction.
A second type of intermediate is characterized by a
slow rise in concentration accompanied by a slow drop
after the critical point noted above. Peak concentrations 
are in general lower than for the previously noted 
intermediates. Chloroform, and to a lesser extent C 2CI4, 
exhibited this type of behavior. The extreme tailing of 
CHCl^ has been discussed before in detail. Since these 
compounds exhibit significant concentrations in the
postflame, the decomposition rate of these compounds is 
thought to be slow. Within the postflame zone, the rate of 
formation would approach zero.
The presence of two distinct types of intermediate 
behavior suggests that there are two paths which lead to 
PIC breakthrough in full scale incineration. The first 
path is most probable when a transient in operation occurs 
resulting in a local quenching of the combustion process 
thereby drastically reducing reaction rates. The most
probable PICs under this condition would be those 
intermediates which were at the highest concentration just 
prior to the transient. This would be the stable 
intermediates of the first type.
The second path for PIC breakthrough is during stable 
operation. Intermediates of the second type, which 
exhibit slow rates of decomposition, could be sources of 
significant PIC breakthrough even under stable operation.
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Recent audits of full scale incinerators (Trenholm et al., 
1984a) indicated that CHCl^, an intermediate of the second 
type, was in fact one of the most common PICs for 
incinerators processing CHCs and operating under stable 
conditions.
3. Flat Flame PIC Destruction and Removal Efficiencies
A DRE can be defined for PICs in a manner similar to 
that for POHCs:
^^PIC = ^  ” I* mi/mPOHC^ * 100 V.5
where
DREpic = PIC Destruction and Removal Efficiency
m^ = rate of emission of PIC i on a mass basis
mpoHc = rate °f feed of POHC
The sum of the PIC emissions is then normalized with 
respect to the POHC input which is the ultimate source of 
each PIC. It should be emphasized that this is calculated 
on a mass basis as opposed to a mole basis. In the case of 
POHCs, the fraction can be calculated on either basis 
since only one species is involved. Using the same 
definition for the end of the flame zone as used for the 
POHC DRE and averaging the sum of the PICs in the 
postflame zone, PIC DREs were calculated. These are
plotted in Figure V. 10 as a function of <p for a Cl/H ratio
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of 0.33 and as a function of Cl/H at a fixed <f> of 0.79.
For the particular flames under study the PIC DRE
expression is greatly simplified since CHCl^ was the only 
compound detected in the postflame zone.
The data indicate that as <j> is increased from the
stoichiometric value to fuel rich values, the PIC
emissions are reduced. This is a direct result of the 
reduction in the postflame concentration of CHClj. The 
fact that the DRE of the POHC remains unchanged and the 
PIC levels are reduced as conditions are varied from 
nearly stoichiometric to fuel rich is significant. 
However, the possibility exists that higher molecular 
weight hydrocarbons were formed in the richer flames and 
not detected with the method used.
The increase in PIC DRE levels with increasing 
chlorine content is surprising. The data suggest that 
there is a range of Cl/H over which the CHClg levels scale 
with the CHjClj concentration in the reactant mixture. 
The fact that the PIC and POHC DREs exhibit differing 
trends is an indicator of the complexity of the detailed 
chemistry.
4. Correlation of CO to DRE
Numerous researchers have suggested that it may be 
possible to correlate POHC DRE to CO (Staley, 1985). The 
argument is that if high levels of CO are present then
conditions are not appropriate for high DREs. The 
correlation is dependent on the assumption that waste 
destruction will be faster than the oxidation of CO in the 
presence of chlorine. If high levels of CO are present, 
then high levels of POHC will also be present. The most 
recent work of Staley et al. (1985) questions this 
correlation. The present experimental work suggests that 
there is no kinetic basis for the correlation of CO to 
CH2C12 destruction. High CH2C12 DREs were obtained even 
under rich conditions when CO levels were of the order of 
10,000 ppm. While the correlation of CO to DRE is 
certainly suspect, CO measurements are a good indicator of 
combustion transients since CO is itself a high 
concentration intermediate. An interruption in steady 
conditions will most certainly result in increased CO 
emission.
E. IMPLICATIONS TO GLOBAL KINETIC MODELING
The combustion of CH4 may be viewed globally by the 
following two steps:
CH4 + 3/202 -> CO , H20 V .6
CO + l/202 -> C02 V.7
In the first stage, CH^ undergoes fast oxidative 
decomposition followed by the slower oxidation of CO.
A two step global kinetic model for CHC combustion has
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been proposed by Bose and Senkan (1983)
CHC + 02 -> CO, HC1, Cl2 Cl/H > 1
CHC + 02 -> CO, HC1, H20 Cl/H < 1
CO + l/202 -> C02 V. 9
V. 8a
V. 8b
In the first stage, the CHC undergoes fast oxidative 
decomposition with the formation of CO, HC1, and either 
Cl2 or H20 depending on the Cl/H ratio. In the second 
stage the HC1 and Cl2 inhibited slow oxidation of CO 
occurs.
In the case of mixtures containing CHCs and CH4 with 
Cl/H ratios less than one, the following model is 
suggested from the global modeling of the individual 
components cited above.
CH4 + CHC -> CO, HC1, H20 Cl/H < 1  V.10
CO + l/202 -> C02 V.ll
The CH2C12 flame data'are in qualitative agreement with 
this model. Within the luminous flame zone the CH^ and CHC 
undergo rapid decomposition followed by a zone where the 
oxidation of CO is completed. It is within this first zone 
that potential PICs are formed. However, global models of 
the type just described are obviously incapable of 
predicting PIC emissions since they do not include organic 
intermediates in their formulation. The parallel reactions
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occuring within the flame zone are much too complex to be 
addressed with global models. In addition, the global 
model does not address the strong coupling between CH4 and 
CH2CI2 which was demonstrated by the significant changes 
in the flame chemistry when the Cl/H ratio was varied.
The primary application of global kinetic models has 
been in the modeling of waste destruction in the postflame 
zone of an incinerator (Clark et al., 1984; Wolbach,
1984b). The premise has been that the postflame zone is 
critical to achieving four nines POHC DRE. It was assumed 
that within the flame zone that approximately 99% of the 
waste destruction occurs and that the remaining two nines 
must be accomplished within the postflame zone. Global 
decomposition models, such as those summarized in Chapter 
II, would be applicable in this zone where the chemistry 
is greatly simplified and destruction reactions dominate.
The experimental results obtained in this study
contradict the basic premise on which the necessity for 
modeling of the postflame is based. As indicated in Figure 
V.9, the experimental results for CH2CI2 indicated POHC
DREs very close to four nines can be obtained within a
laminar flat flame zone. A similar conclusion has been 
drawn by Lafond et al. (1985) for a pilot scale turbulent
combustor processing various CHCs. They reported that four 
nines DRE was possible without the need for postflame 
processing. While the flat flame work reported here has
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been for a CH2CI2 system, there is mounting evidence that
high CHC POHC destructions can be obtained without the
necessity for long residence times in the postflame zone.
Global destruction modeling, however, may be
applicable to the second type of intermediate discussed in 
section D.3 of this chapter. Intermediates of this type
extend into the postflame zone due to their high
stability. Within this postflame zone conditions are
sufficiently simple that global modeling may be
applicable. A major hurdle would be in predicting the net 
production of the intermediate which occurs in the complex 
environment of the flame zone. A rigorous treatment would 
require a detailed kinetic model of the flame zone which 
would make the global model of the postflame obsolete.
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
The primary objectives outlined in Chapter I have 
been met. The goal of this work, to develop a laboratory 
scale facility and the experimental procedures capable of 
providing more fundamental combustion knowledge of toxic 
hazardous wastes, has been obtained. The facility and
procedures have been successfully used to characterize 
CH2CI2 combustion. The major conclusions include:
* A properly designed one-dimensional laminar, 
flat flame facility capable of sustained operation 
in the highly corrosive environment associated 
with hazardous waste combustion can provide 
insight into the hazardous waste combustion 
process. The development of reliable methods for 
the analysis of C-^  and C 2 hydrocarbons and 
chlorinated hydrocarbons is a prerequisite to 
providing this insight for CHgClj combustion.
* Material selection in sampling trains and in
mixture preparation manifolds is necessary to
obtain accurate experimental results. Nickel, 
monel, and glass are superior to 316 stainless and
polymeric materials for use in sample trains and
manifolds.
* Sufficient experimental data has been obtained to
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verify detailed kinetic modeling of
CI^C^/CH^/air combustion over a range of
equivalence ratios and Cl/H ratios.
Stable species generated during the combustion of 
hazardous wastes are candidate PICs. For CH2CI2
systems, the most probable PIC under steady
conditions is CHCl^.
The flame zone in an incinerator has the potential 
for four nines DRE provided the waste is
adequately vaporized. This impies that postflame 
processing may not be necessary for select wastes 
and hence there would be little need for global 
modeling of these wastes in the postflame zone.
The flame zone in an incinerator has the potential 
for four nines DRE under fuel rich and fuel lean 
conditions provided the waste is adequately
vaporized. This implies that the use of high 
excess air is unnecessary from a kinetic 
viewpoint.
The observation of two distinct types of stable 
intermediate behavior suggests that there are two 
paths which lead to PIC breakthrough. One path
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would be dominant under transient operation and 
the other during stable operation.
* It is possible to increase the PIC DRE, thereby 
reducing the levels of PIC emissions by 
operating under fuel rich conditions.
* The correlation of CO and POHC DRE is suspect.
* The degradation of uncoated type R thermocouples 
is not significant in the study of lightly 
chlorinated combustion systems.
* Catalytic heating of uncoated thermocouples is not 
pronounced in the study of lightly chlorinated 
combustion systems.
* The importance of Cg hydrocarbon and chlorinated 
hydrocarbon chemistry, and hence the potental for 
PICs and soot, increases as the chlorine loading 
increases. This is in aggrement with the work of 
Miller (1984).
It is recommended that future work be directed towards the 
following issues:
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The incorporation of detailed kinetic modeling 
should be the number one priority. The data 
obtained could be used to verify the model. Once 
verified, the model could be used to develop a 
better understanding of the flame zone. In view of 
the limited understanding of CHC and CHC/HC 
combustion, the use of diffusionless models which 
require far less computational time seem 
appropriate as a first step (Chang et al., 1985a).
The replacement of the current packed column for 
CHC analysis with a wide bore capillary column 
would improve sensitivity and separation so that 
additional intermediates could be quantified.
Redesign of the exhaust sytem to include more 
glass and rubber materials, which are more 
corrosion resistant, would greatly reduce the 
time required to turn the facility around between 
experiments.
A dedicated mass spectrometer is needed so that 
additional compounds can be identified as the 
complexity of the reactant mixtures is increased. 
A GC/MS system seems to offer the most flexibility 
in terms of the present ongoing work in the
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incineration lab (flat flame and shock tube stable 
species sampling).
A continuous sampling system, as opposed to the 
present batch system, would improve 
reproducibility if the material suggested in the 
Conclusions were used. This would allow for 
seasoning of the sample loops which could improve 
reproducibility on the heavier chlorinated 
compounds. In addition, the potential effects of 
sample aging would be minimized.
Additional work should continue with CHCl^, which 
exhibited high stability. Work with more complex 
compounds than the halogenated methanes would be 
difficult without considerable mass spectrometer 
support.
Coated and uncoated temperature profiles should be 
made in both a low Cl/H flame and a high Cl/H 
flame to determine both the importance of 
catalytic heating and the complexities associated 
with the coating method.
The effect of final fill pressure on sample 
composition should be examined in a CH2C12 flame
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at a position where numerous intermediates are 
present.
* The flat flame result of high DRE and low CHCl-j 
concentration in the post flame for fuel rich 
conditions should be checked in a turbulent 
premixed combustor and in a pilot scale 
incinerator.
List of Abbreviations
USEPA United States Environmental Protection
Agency
POHC Principal Organic Hazardous Constituent
RCRA Resource Conservation and Recovery Act
DRE Destruction and Removal Efficiency
PICs Products of Incomplete Combustion
CHC Chlorinated Hydrocarbon
HC Hydrocarbon
UDRI University of Dayton Research Institute
PTRS Packaged Thermal Reactor System
GC Gas Chromatograph
FID Flame Ionization Detector
TCD Thermoconductivity Detector
T qq q q (2S) Temperature required at a residence time
of 2 seconds to facilitate a DRE of 99.99%
MF Mole Fraction
MDL Method Detection Limit
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APPENDIX A
Demonstration of nonconservative nature of single step 
CH2C"'L2 decomposition expression
Simple first order kinetic models of the following 
form have been utilized to predict DREs in the postflame 
zone of full scale incineration:
[POHC] = POHC concentration
A = Arrhenius coefficient 
E = Activation energy
a
R = Universal gas constant 
T = Absolute temperature
Integration of A.l over the flow field from the initial, 
i, to final, f, state results in
d[POHC] = 
dt = -[POHC] Ae“Ea/RT A.l
where
[POHC]f f -E,/RT
A. 2
[POHC^
-A J1 e a'nidt 
e i
The DRE is then given by
DRE = [1 - TF0HUI7  ] * 100
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[POHC]f
A.3
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The difficulty arises in evaluating the integral in 
equation A.2 for all possible paths. In the context of a 
full scale incinerator this must be done numerically.
The numerical values of Ea and A have generally been 
selected from the works of Dellinger et al. (1984) and Lee 
et al. (1982) which are summarized in Table II.5. It has
been assumed that full scale predictions based on these 
parameters would be conservative. This assumption is based 
on the fact that flame decomposition rates are higher than 
nonflame rates which were the basis for the -kinetic 
parameters. This assumption for CHgC^ was tested by
predicting the residence time necessary for 99.99% DRE in 
the flat flame.
In order to simplify the analysis a number of
assumptions were made. These included:
1. The end of the flame zone was less than 0.3 cm for 
less than 0.3 cm for all the flames probed as
indicated in Table V.2.
2. Flame temperatures were within the range of 1700 
to 2000 K.
3. A typical bulk flowrate is 10 SLPM based on the 
actual volumetric flowrates in Table IV.2.
Utilizing the above assumption the time of flight to
0.3 cm was calculated to vary from 7.5 ms to 9 ms. Hence
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within the flat flames studied, CH2CI2 destructions 
approaching 99.99% were accomplished in approximately 10 
ms.
The calculated residence time for 99.99% DRE can be 
calculated from A.3 and A.2 by assuming a constant 
temperature:
9.210
t = A e-Ea /HT A.4
where,
t = residence time
Utilizing A.4, a residence time between 9 and 430 s for
CH2CI2 was calculated using the suggested values of Ea and
A as prescribed in Table II.5 (Log^A = 12.8, Eg = 62.0). 
The calculated results are obviously in disagreement with
the experimental results. The calculations are in fact
nonconservative since they predict a residence time which
is 1 to 3 orders of magnitude shorter than the
experimentally measured times.
This nonconservative result is in agreement with the 
full scale calculations of Clark et al. (1984). The
predicted DREs for CH2CI2 were orders of magnitude lower
than those measured experimentally in the stack gas.
In conclusion, the values of Eg and A for CI^Clj have
been found to be nonconservative when used to predict both 
laboratory scale and full scale DREs.
APPENDIX B 
Radiation coccection algorithm
The radiation correction algorithm is an expansion on 
the procedure implemented by Jang (1984). Utilizing the 
following assumptions:
1. Radiant exchange between the gaseous combustion 
products and the bead is negligible.
2. Catalytic heating on the bead surface is small.
3. Conductions loss to the supporting wire is small.
4. Radiant exchange from the burner surface to the 
bead is small since the burner surface is near 350 
K.
5. Reflections are neglected.
6. The thermocouple bead is spherical.
The- steady state energy balance for the thermocouple bead 
is given by:
T - T = ££-[T 11 - e FT 11 - 0 P'T 11 B.l
g c c P P V  w
where,
hc = convection coefficient
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Tg
ss gas temperature
Tc
= thermocouple temperature
o = Stefan-Boltzmann constant
E s thermocouple emissivity
GP
= flame stabilizing screen emissivity
F = view factor from top screen to bead
T
P
= flame stabilizing screen temperature
ew = emissivity of Pyrex cross wall
F' = view factor from Pyrex cross wall to bead
TW
= Pyrex cross wall temperature.
Since the Reynolds numbers encountered in this study were 
less than one, a correlation for a spherical bead with 
Reynold's numbers approaching zero was used (Eckert and 
Drake, 1972):
Nu = = 2.0 + 0.236(Re)°*606(Pr)0'333 B.2
where,
d = thermocouple bead diameter 
k = gas thermal conductivity 
Re = Reynolds number 
Pr - gas Prandtl number.
The view factor from the thermocouple sphere to the 
stabilizing screen disk of radius, a, separated by a
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distance, y, is given by (Siegel and Howell, 1981):
P = 0.5C1 “ y2/(a2 + y2 )0,5] B *3
Correspondingly the view factor from the thermocouple 
sphere to the burner surface of radius a' separated by a 
distance is given by:
F" = 0.5C1 - (y’)2/((a')2 + (y’)2)0,5] B *4
Energy emitted by the thermocouple which is not 
intercepted by the top screen or burner surface is 
intercepted by the Pyrex cross walls. Therefore, the view 
factor from the bead to the walls is given by:
PT = 1 - f - F"
The following emissivities were used as suggested by Jang 
(1984):
e = 0.16 (platinum wire) 
e = 1.0 (top screen) 
ew = 0.95 (Pyrex glass)
The glass properties, viscosity, specific heat, and 
thermal conductivity were evaluated using the initial
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reactant concentrations listed in Table IV.2. Since the 
gas properties are themselves a strong function of the 
film temperature (T£^m = (Tg + Tc )/2.0), the solution to
B.l is solved by iteration.
Gas mixture properties were evaluated using averaging 
formulas for the pure species. Mixture heat capacities 
were evaluated using the ideal gas relationship
wherer
C = mixture specific heat capacity at constant
p pressure on a mass basis
C i = specific heat capacity on a molar basic of
species i
= molecular weight of species i
Combination averaging formulas recommended by Mathur 
et al. (1967) were used for the evaluation of mixture 
conductivity and viscosity.
B. 6
B. 8
B. 7
where,
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X = mixture thermal conductivity 
= species thermal conductivity 
n = mixture viscosity 
= species viscosity
The pure species properties were evaluated by
interpolating from the tables provided by Svehla (1962). 
The tables contain values for Cp/R, *, and <S at increments 
of 100 k from 100 k to 5000 k.
A complete numerical sensitivity analysis was
performed by Jang (1984) which indicated that 6, k, and d 
were the most sensitive parameters. An inspection of
equation B.l reveals that
T - T B.9
6 c hc
Eliminating hc by B.2 results in
T - T a B. 10
g 0 kNu
In this study, Pr = 1 and Re = 1 resulting in a Nu of 
approximately 2. Recognizing that a is a constant, B.10
reduces to
Te ' Tc “ ^
which is in agreement with Jang's numerical results that
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e, d, and k ace the most sensitive parameters.
Equation B.ll reveals that the magnitude of the 
radiation correction increases with e and d. This implies 
that coating of the thermocouple would result in a high 
radiation correction since both the diameter and 
emissivity of the bead would be increased. Emissivities 
for YgO-j-BeO thermocouple coatings were reported to range 
from 0.25 to 0.75 (Peterson, 1981) which is considerably 
larger than the generally accepted value of 0.16 for bare 
platinum wire. While coating would reduce catalytic 
heating it would also increase the magnitude of the 
radiation correction and hence the error associated with 
this correction.
APPENDIX C
Experimental mole fractions, atom balances, and
temperatures
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Flame I 
Cl/H = 0.33 
♦ = 0.77
202
Mole Fractions
Z (CM) H2 CO 2 °2 n 2
0.000 0•00E+00 0•00E+00 1.84E-01 7.03E-01
0.019 0.00E+00 2.75E-03 1.98E-01* 7.27E-01*
0.035 0•00E+00 9.54E-03 1.61E-01 6.97E-01
0.063 0.00E+00 1.37E-02 1.52E-01 6.97E-01
0.080 0 * 00E+00 1.71E-02 1.45E-01 6.98E-01
0.097 0.00E+00 2.27E-02 1.33E-01 6.97E-01
0.123 0.00E+00 3.13E-02 1.17E-01 6.96E-01
0.148 0.00E+00 4.14E-02 1.00E-01 7.07E-01
0.165 0•00E+00 5.12E-02 8.11E-02 7.00E-01
0.195 0•00E+00 7.92E-02 4.77E-02 7.17E-01
0.231 0•00E+00 9.54E-02 4.04E-02 7.27E-01
0.297 0•00E+00 9.89E-02 3.96E-02 7.24E-01
0.401 0•00E+00 9.87E-02 5.69E-02 7.01E-01
0.500 0.00E+00 9.86E-02 5.68E-02 6.98E-01
0.598 0•00E+00 9.95E-02* 5.64E-02 6.98E-01
Z (CM) CO c h 4 C 2H2 C 2H4
0.000 0.00E+00 4.84E-02* 0•00E+00 0.00E+00
0.019 1.14E-03 2.05E-02 9.00E-06 1.00E-06
0.035 4.71E-03 3.75E-02 2.40E-05 2.00E-06
0.063 6.52E-03 3.34E-02 3.40E-05 3.00E-06
0.080 7.80E-03 3.07E-02 4.20E-05 4.00E-06
0.097 9.82E-03 2.64E-02 5.30E-05 5.00E-06
0.123 1.27E-02 2.02E-02 7.00E-05 7.00E-06
0.148 1.59E-02 1.43E-02 8.90E-05 9.00E-06
0.165 1.89E-02* 7.98E-03 1.07E-04 1.10E-05*
0.195 1.73E-02 7.00E-06 1.78E-04* 0•00E+00
0.231 4.00E-03 0.00E+00 0•00E+00 0.00E+00
0.297 1.06E-03 0.00E+00 0.00E+00 0•00E+00
0.401 2.40E-04 0.00E+00 0.00E+00 0.00E+00
0.500 0.00E+00 0•00E+00 0.00E+00 0.00E+00
0.598 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Mole Fractions
Z (CM) C 2»6 c h 3ci C 2H3C1 CH2C12
0.000 0.00E+00 0.00E+00 0.00E+00 4.76E-02*
0.019 0•00E+00 2.10E-05 2.10E-05 2.51E-02
0.035 0.00E+00 5.50E-05 5.80E-05 4.66E-02
0.063 0.00E+00 . 8.10E-05 8..70E-05 4.48E-02
0.080 0•00E+00 1.01E-04 1.14E-04 4.28E-02
0.097 0.00E+00 1.40E-04 1.58E-04 3.95E-02
0.123 0.00E+00 1.94E-04 2.29E-04 3.25E-02
0.148 0•00E+00 2.53E-04 3.20E-04 2.47E-02
0.165 0•00E+00 2.89E-04* 3.94E-04* 1.27E-02
0.195 0 * 00E+00 0•00E+00 0.00E+00 9.00E-06
0.231 0.00E+00 0.00E+00 0•00E+00 9.00E-06
0.297 0.00E+00 0.00E+00 0.00E+00 6.00E-06
0.401 0.00E+00 0•00E+00 0.00E+00 4.00E-06
0.500 0•00E+00 0.00E+00 0•00E+00 5.00E-06
0.598 0.00E+00 0•00E+00 0.00E+00 4.00E-06
Z (CM) 11C2H2C12 12C2H2C12 c h c i 3 cc i4
0.000 0•00E+00 0.00E+00 0.00E+00 0•00E+00
0.019 5.00E-06 1.00E-05 0.00E+00 4.00E-05
0.035 1.50E-05 3.20E-05 0.00E+00 8.20E-05*
0.063 2.50E-05 5.20E-05 0.00E+00 8.00E-05
0.080 3.40E-05 6.80E-05 9.00E-06 7.90E-05
0.097 5.40E-05 1.02E-04 9.00E-06 7.30E-05
0.123 9.10E-05 1.75E-04 1.50E-05 5.90E-05
0.148 1.49E-04 2.58E-04 2.50E-05 4.90E-05
0.165 2.10E-04* 3.29E-04* 2.30E-05 3.90E-05
0.195 0.00E+00 0.00E+00 7.00E-05* 4.90E-05
0.231 0.00E+00 0.00E+00 5.90E-05 0.00E+00
0.297 0.00E+00 0.00E+00 4.60E-05 0.00E+00
0.401 0.00E+00 0.00E+00 2.00E-05 0•00E+00
0.500 0.00E+00 0.00E+00 1.30E-05 0.00E+00
0.598 0■00E+00 0.00E+00 1.40E-05 0.00E+00
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Mole Fractions
Z (CM) c 2h c i 3 C 2C14 HC1 X to O
0. 000 0•00E+00 0.00E+00 0.00E+00 0.00E+00
0.019 7.00E-06 3.00E-06 4.80E-02 -2.18E-02
0.035 4.00E-05 1.50E-05 6.12E-04 1.87E-02
0.063 7.30E-05 2.60E-05 4.11E-03 2.70E-02
0.080 9.90E-05 3.40E-05 8.12E-03 3.36E-02
0.097 1.54E-04 5.20E-05 1.44E-02 4.25E-02
0.123 2.41E-04 7.30E-05 2.80E-02 5.57E-02
0.148 3.68E-04 1.07E-04 * 4.46E-02 7.06E-02
0.165 4.85E-04 * 7.00E-05 6.74E-02 8.26E-02
0.195 7.00E-06 3.60E-05 9.66E-02 1.04E-01
0.231 0•00E+00 0.00E+00 9.82E-02* 1.05E-01*
0.297 0.00E+00 0.00E+00 9.79E-02 1.01E-01
0.401 0.00E+00 0.00E+00 9.48E-02 5.52E-02
0.500 0.00E+00 0.00E+00 9.44E-02 5.42E-02
0.598 0.00E+00 0.00E+00 9.44E-02 5.32E-02
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Atom Balances
Z (CM) h b a l CBAL
0.000 1.00E+00 1.00E+00
0.019 4.58E-01 5.00E-01
0.035 9.84E-01 1.04E+00
0.063 9.85E-01 1.04E+00
0.080 9.93E-01 1.04E+00
0.097 9.96E-01 1.04E+00
0.123 1.00E+00 1.03E+00
0.148 1.02E+00 1.02E+00
0.165 1.02E+00 9.76E-01
0.195 1.04:1+00* 9.91E-01
0.231 1.03E+00 1.00E+00
0.297 1.01E+00 1.01E+00
0.401 7.13E-01 1.03E+00
0.500 7.08E-01 1.03E+00
0.598 7.01E-01 1.04E+00*
Temperatures
Z (CM) Tu c (K)
0.071 1560
0.089 ' 1650
0.122 1680 
0.131 1700
0.162 1730
0.195 1730
0.248 1730
0.372 1720
0.608 1700
TCR
1600
1690
1720
1750
1780
1780
1780
1770
1740
Flame II 
Cl/H = 0.75 
$ = 0.98
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Mole Fractions
Z (CM) h2 co2 °2 n2
0.000 0 « 00E+00 0.00E+00 1.71E-01* 6.84E-01*
0.015 0•00E+00 1.18E-03 1.61E-01 6.63E-01
0.031 0.00E+00 1.84E-03 1.59E-01 6.64E-01
0.055 0•00E+00 2.78E-03 1.55E-01 6.60E-01
0.073 0•00 E+00 3.93E-03 1.52E-01 6.57E-01
0.091 0.00E+00 6.80E-03 1.43E-01 6.51E-01
0.108 0•00E+00 9.00E-03 1.37E-01 6.43E-01
0.124 0•00E+00 1.20E-02 1.28E-01 6.37E-01
0.233 0.00E+00 1.01E-01 1.22E-02 6.18E-01
0.294 0•00E+00 1.19E-01 4.36E-03 6.22E-01
0.393 0.00E+00 1.25E-01 1.91E-03 6.22E-01
0.492 0.00E+00 1.29E-01 2.40E-03 6.29E-01
0.493 0.00E+00 1.28E-01 2.18E-03 6.25E-01
0.689 0•00E+00 1.31E-01* 3.15E-03 6.31E-01
Z (CM) CO ch4 C 2H2 C 2H4
0.000 0•00E+00 2.09E-02* 0•00E+00 0.00E+00
0.015 2.72E-03 1.97E-02 8.70E-05 1.40E-05
0.031 3.89E-03 1.93E-02 1.07E-04 0•00E+00
0.055 5.11E-03 1.84E-02 1.66E-04 1.30E-05
0.073 6.85E-03 1.78E-02 2.02E-04 0.00E+00
0.091 1.01E-02 1.63E-02 3.28E-04 6.00E-06
0.108 1.27E-02 1.52E-02 4.28E-04 1.50E-05
0.124 1.62E-02 1.38E-02 5.73E-04* 2.00E-05*
0.233 3.21E-02* 0.00E+00 2.40E-06 0•00E+00
0.294 1.59E-02 0.00E+00 0.00E+00 0.00E+00
0.393 1.12E-02 0.00E+00 0.00E+00 0.00E+00
0.492 7.56E-03 0.00E+00 0.00E+00 0•00E+00
0.493 8.39E-03 0.00E+00 0.00E+00 0.00E+00
0.689 3.91E-03 0.00E+00 0.00E+00 0.00E+00
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Mole Fractions
Z (CM) C 2H6 CH3CI C 2H3c1 CH2C12
0.000 0.00E+00 0.00E+00 0.00E+00 1.25E-01
0.015 0.00E+00 7.60E-05 8.00E-05 1.24E-01
0.031 0.00E+00 6.50E-05 4.10E-05 1.25E-01
0.055 0•00E+00 1.19E-04 8.20E-05* 1.25E-01
0.0-73 0•00E+00 7.60E-05 1.90E-05 1.28E-01*
0.091 0•00E+00 *1.49E-04 3.70E-05 1.25E-01
0.108 0•00E+00 1.97E-04 5.20E-05 1.24E-01
0.124 0•00E+00 2.59E-04* 7.10E-05 1.20E-01
0.233 0•00E+00 0•00E+00 2.00E-06 2.12E-04
0.294 0.00E+00 0.00E+00 0.00E+00 3.74E-04
0.393 0•00E+00 0•00E+00 0.00E+00 2.87E-04
0.492 0•00E+00 0.00E+00 0.00E+00 2.43E-04
0.493 0.00E+00 0.00E+00 0.00E+00 9.39E-04
0.689 0.00E+00 0•00E+00 0•00E+00 4.43E-04
Z (CM) 11C 2H2C12 12C2H2C12 CHCI3 c c i4
0 • 000 0•00E+00 0.00E+00 0.00E+00 0.00E+00
0.015 4.00E-06 2.30E-04 2.10E-05 1.74E-04
0.031 3.00E-06 1.18E-04 0.00E+00 1.98E-04
0.055 6.00E-06 2.66E-04* 0.00E+00 1.95E-04
0.073 5.00E-06 4.30E-05 0.00E+00 1.69E-04
0.091 1.20E-05 1.23E-04 0.00E+00 2.06E-04*
0.108 2.30E-05 1.70E-04 0.00E+00 1.85E-04
0.124 3.70E-05* 2.27E-04 4.00E-06 1.99E-04
0.233 0.00E+00 4.00E-06 1.30E-05 2.00E-05
0.294 0•00E+00 0.00E+00 4.30E-05 0.00E+00
0.393 0.00E+00 0.00E+00 2.80E-05 0.00E+00
0.492 0.00E+00 0.00E+00 5.00E-05* 0.00E+00
0.493 0.00E+00 0•00E+00 2.60E-05 0.00E+00
0.689 0.00E+00 0.00E+00 4.60E-05 0.00E+00
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Mole Fractions
Z (CM) c 2hci3 C 2C14 HC1 h 2o
0.000 0.00E+00 0•00E+00 0•00E+00 0.00E+00
0.015 2.97E-04 3.40E-05 -7.45E-03 3.64E-03
0.031 1.46E-04 3.60E-05 -9.64E-03 6.25E-03
0.055 3.45E-04* 5.30E-05* -1.11E-02 8.55E-03
0.073 5.90E-05 1.50E-05 -1.65E-02 8.81E-03
0.091 1.53E-04 2.60E-05 -1.33E-02 1.44E-02
0.108 2.23E-04 3.20E-05 -1.53E-02 1.66E-02
0.124 3.10E-04 4.50E-05 -9.02E-03 2.13E-02
0.233 7.00E-06 4.10E-05 2.25E-01 5.07E-02*
0.294 0.00E+00 0.00E+00 2.26E-01 4.78E-02
0.393 0•00E+00 0.00E+00 2.26E-01 4.44E-02
0.492 0.00E+00 0.00E+00 2.29E-01 4.40E-02
0.493 0.00E+00 0.00E+00 2.26E-01 4.36E-02
0.689 0•00E+00 0.00E+00 2.29E-01* 4.37E-02
Atom Balances
Z (CM) hb a l CBAL
0.000 1.00E+00 1.00E+00
0.015 1.02E+00 1.05E+00
0.031 1.03E+00 1.07E+00
0.055 1.03E+00 1.09E+00
0.073 1.03E+00 1.12E+00
0.091 1.05E+00 1.15E+00
0.108 1.05E+00 1.19E+00
0.124 1.07E+00 1.21E+00*
0.233 1.09E+00* 1.01E+00
0.294 1.06E+00 1.02E+00
0.393 1.04E+00 1.03E+00
0.492 1.04E+00 1.02E+00
0.493 1.04E+00 1.03E+00
0.689 1.03E+00 1.00E+00
Temperatures
Z (CM) Tuc tc r (K)
0.161 1610 1660
0.213 1720 1780
0.255 1800 1860
0.301 1820 1880
0.303 1900 1980
0.396 1920 2000
0.608 1900 1980
0.608 1880 1950
0.789 1830 1900
Flame III 
Cl/H = 0.72 
<P= 0.78
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Mole Fractions
Z (CM) H2 co2 °2 n2
0.000 0•00E+00 0.00E+00 1.84E-01* 6.77E-01*
0.032 0.00E+00 1.06E-03 1.79E-01 6.66E-01
0.048 0.00E+00 1.77E-03 1.76E-01 6.63E-01
0.071 0.00E+00 2.51E-03 1.74E-01 6.65E-01
0.089 0.00E+00 3.06E-03 1.73E-01 6.64E-01
0.111 0.00E+00 5.02E-03 1.67E-01 6.62E-01
0.134 0.00E+00 8.59E-03 1.57E-01 6.51E-01
0.158 0.00E+00 1.36E-02 1.43E-01 6.45E-01
0.178 0.00E+00 1.87E-02 1.32E-01 6.42E-01
0.198 0.00E+00 2.92E-02 1.09E-01 6.29E-01
0.219 0.00E+00 6.00E-02 5.81E-02 6.22E-01
0.238 0.00E+00 7.23E-02 5.27E-02 6.29E-01
0.297 0.00E+00 1.09E-01 3.62E-02 6.46E-01
0.393 0.00E+00 1.17E-01 3.37E-02 6.44E-01
0.497 0•00E+00 1.18E-01* 3.26E-02 6.45E-01
0.704 0.00E+00 1.18E-01 3.21E-02 6.36E-01
Z (CM) CO ch4 C 2H2 C 2H4
0.000 0.00E+00 2.03E-02* 0.00E+00 0.00E+00
0.032 1.90E-03 1.95E-02 3.70E-05 0•00E+00
0.048 2.86E-03 1.89E-02 5.80E-05 7.00E-06
0.071 3.74E-03 1.83E-02 8.00E-05 0•00E+00
0.089 4.38E-03 1.78E-02 9.00E-05 7.00E-06
0.111 6.42E-03 1.67E-02 1.36E-04 1.10E-05
0.134 9.97E-03 1.51E-02 1.66E-04 1.00E-05
0.158 1.46E-02 1.27E-02 3.46E-04 1.90E-05
0.178 1.89E-02 1.09E-02 4.61E-04 2.30E-05
0.198 2.76E-02 7.13E-03 7.10E-04 3.20E-05*
0.219 4.77E-02* 0.00E+00 8.86E-04* 0.00E+00
0.238 3.83E-02 0.00E+00 8.90E-05 0.00E+00
0.297 8.77E-03 0.00E+00 8.27E-07 0.00E+00
0.393 2.13E-03 0.00E+00 1.20E-06 0.00E+00
0.497 6.14E-04 0.00E+00 8.74E-07 0.00E+00
0.704 0.00E+00 0 a 00E + 00 8.20E-07 0.00E+00
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Mole Fractions
Z (CM) C 2H6 c h 3ci c 2h3c1 ch2ci2
0.000 0.00E+00 0.00E+00 0•00E+00 1.03E-01
0.032 0.00E+00 2.94E-05 3.03E-05 1.05E-01
0.048 0.00E+00 4.11E-05 3.62E-05 1.06E-01*
0.071 0•00E+00 4.95E-05 3.54E-05 1.06E-01
0.089 0•00E+00 5.76E-05 3.67E-05 1.06E-01
0.111 0•00E+00 8.24E-05 4.00E-05 1.04E-01
0.134 0.00E+00 1.02E-04 4.40E-05 7.54E-02
0.158 0.00E+00 2.20E-04 9.00E-05 9.57E-02
0.178 0.00E+00 3.00E-04 1.25E-04 8.70E-02
0.198 0.00E+00 4.80E-04* 2.10E-04* 6.09E-02
0.219 0•00E+00 0.00E+00 1.60E-05 0.00E+00
0.238 0.00E+00 0.00E+00 0.00E+00 2.46E-04
0.297 0.00E+00 0.00E+00 0.00E+00 3.36E-04
0.393 0.00E+00 0.00E+00 0.00E+00 8.28E-04
0.497 0.00E+00 0.00E+00 0.00E+00 2.44E-04
0.704 0.00E+00 0■00E+00 0.00E+00 1.95E-04
Z (CM) 11C2h2c12 12C2H2C12 chci3 c c i4
0.000 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.032 0.00E+00 6.90E-05 3.20E-05 1.60E-04
0.048 2.00E-06 8.54E-05 2.90E-05 1.69E-04
0.071 3.10E-06 8.77E-05 2.70E-05 1.90E-04
0.089 3.80E-06 9.60E-05 1.90E-05 1.79E-04
0.111 6.90E-06 1.08E-04 2.60E-05 2.15E-04
0.134 1.33E-05 1.26E-04 3.60E-05 1.55E-04
0.158 4.54E-05 2.83E-04 7.20E-05 1.95E-04
0.178 8.04E-05 4.15E-04 8.90E-05 1.85E-04
0.198 1.67E-04* 7.55E-04* 1.20E-04* 2.10E-04
0.219 2.76E-05 4.03E-05 7.60E-05 0.00E+00
0.238 0.00E+00 5.00E-06 2.00E-05 2.37E-04*
0.297 0•00E+00 0.00E+00 2.70E-05 0.00E+00
0.393 0.00E+00 2.30E-06 3.80E-05 0.00E+00
0.497 0.00E+00 0.00E+00 1.60E-05 0.00E+00
0.704 0.00E+00 0.00E+00 1.20E-05 0.00E+00
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Mole Fractions
Z (CM) C 2HC13 c 2C14 HC1 h 2o
0 . 000 0•00E+00 0•00E+00 0.00E+00 0.00E+00
0.032 1.02E-04 2.60E-05 -7.88E-03 5.92E-04
0.048 1.28E-04 3.40E-05 -1.15E-02 2.59E-03
0.071 1.36E-04 3.50E-05 -1.04E-02 4.41E-03
0.089 1.62E-04 3.90E-05 -1.02E-02 5.00E-03
0.111 1.88E-04 4.50E-05 -8.05E-03 1.04E-02
0.134 2.28E-04 5.50E-05 4.61E-02 1.25E-02
0.158 5.00E-04 8.70E-05 2.90E-03 2.23E-02
0.178 7.80E-04 1.43E-04 1.89E-02 2.86E-02
0.198 1.58E-03* 2.23E-04 6.59E-02 3.87E-02
0.219 1.45E-04 2.55E-04* 1.89E-01 5.46E-02*
0.238 1.40E-05 1.64E-04 1.90E-01 5.40E-02
0.297 0.00E+00 0.00E+00 1.96E-01* 5.27E-02
0.393 1.10E-05 0.00E+00 1.94E-01 4.75E-02
0.497 0.00E+00 0•00E+00 1.96E-01 4.91E-02
0.704 0•00E+00 0.00E+00 1.93E-01 4.62E-02
z0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
Atom Balances
(CM) h b a l CBAL
.000 1.00E+00 1.00E+00
.032 9.96E-01 1.05E+00
.048 1.00E+00 1.08E+00
.071 1.01E+00 1.08E+00
.089 1.00E+00 1.09E+00
.111 1.03E+00 1.10E+00
.134 1.03E+00 9.28E-01
.158 1.07E+00 1.18E+00
.178 1.09E+00 1.18E+00*
.198 1.12E+00 1.13E+00
.219 1.14E+00* 9.69E-01
.238 1.12E+00 9.72E-01
.297 1.10E+00 1.00E+00
.393 1.06E+00 1.02E+00
.497 1.08E+00 1.01E+00
.704 1.06E+00 1.02E+00
Temperatures
Z (CM) Tuc<K ) t c r (K)
0.102 1160 1170
0.157 1560 1590
0.200 1620 1650
0.305 1720 1762
0.311 1760 1800
0.355 1780 1830
0.366 1800 1850
0.373 1780 1820
0.383 1790 1830
0.395 1810 1850
0.539 1800 1850
0.588 1820 1860
0.592 1800 1850
0.602 1810 1850
0.764 1770 1820
0.778 1790 1830
0.814 1790 1830
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Flame IV 
Cl/H = 0.33 
♦ = 1.10
217
Mole Fractions
Z (CM) H2 O o to °2 N2
0 • 000 0•00E+00 0 * 00E+00 1.81E-01* 6.76E-01
0.046 4.79E-03 2.27E-02 1.19E-01 6.87E-01
0.071 5.07E-03 3.01E-02 1.03E-01 6.84E-01
0.088 5.49E-03 3.45E-02 9.40E-02 6.88E-01
0.099 6.21E-03 3.98E-02 8.26E-02 6.85E-01
0.119 6.74E-03 4.98E-02 6.35E-02 6.87E-01
0.138 7.14E-03 5.89E-02 4.48E-02 6.90E-01
0.152 7.35E-03 6.47E-02 3.52E-02 7.00E-01
0.174 5.72E-03 8.51E-02 6.64E-03 7.06E-01
0.190 5.33E-03 9.36E-02 2.27E-03 7.02E-01
0.236 6.16E-03 1.03E-01 1.63E-04 7.17E-01*
0.332 6.95E-03 1.04E-01* 0•00E+00 7.12E-01
0.334 1.02E-02 9.78E-02 0.00E+00 7.09E-01
0.435 1.02E-02 9.72E-02 0.00E+00 6.96E-01
0.525 1.03E-02 9.78E-02 0•00E+00 7.02E-01
0.617 1.08E-02* 9.79E-02 0.00E+00 7.05E-01
Z (CM) CO ch4 C 2H2 C 2H4
0.000 0.00E+00 6.80E-02* 0.00E+00 0.00E+00
0.046 1.80E-02 4.06E-02 1.43E-03 1.43E-04
0.071 2.28E-02 3.37E-02 1.86E-03 1.87E-04
0.088 2.58E-02 2.98E-02 2.13E-03 2.25E-04
0.099 2.98E-02 2.56E-02 2.49E-03 2.63E-04
0.119 3.55E-02 1.81E-02 3.01E-03 3.18E-04
0.138 4.14E-02 1.08E-02 3.54E-03 3.66E-04
0.152 4.55E-02 6.89E-03 3.87E-03* 3.85E-04*
0.174 4.78E-02* 0.00E+00 7.64E-04 3.90E-05
0.190 3.86E-02 0.00E+00 7.00E-05 3.00E-06
0.236 3.58E-02 0.00E+00 3.00E-06 0.00E+00
0.332 3.49E-02 0.00E+00 0.00E+00 0.00E+00
0.334 4.43E-02 0•00E+00 1.00E-06 0.00E+00
0.435 4.27E-02 0.00E+00 0.00E+00 0.00E+00
0.525 4.31E-02 0.00E+00 0.00E+00 0.00E+00
0.617 4.34E-02 0•00E+00 0.00E+00 0■00E+00
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Mole Fractions
Z (CM) C 2H 6 CH3CI c2h3ci ch2ci2
0 • 000 0•00E+00 0.00E+00 0.00E+00 7.07E-02*
0.046 0•00E+00 4.10E-04 2.24E-04 5.86E-02
0.071 0.00E+00 5.62E-04 3.19E-04 5.04E-02
0.088 0.00E+00 6.58E-04 3.77E-04 4.58E-02
0.099 0•00E+00 7.93E-04 4.60E-04 3.91E-02
0.119 0.00E+00 9.83E-04 5.82E-04 2.53E-02
0.138 0.00E+00 1.02E-03* 6.35E-04* 1.09E-02
0.152 0 * 00E+00' 7.91E-04 5.34E-04 4.42E-03
0.174 0.00E+00 0.00E+00 1.15E-04 1.50E-05
0.190 0•00 E+00 0.00E+00 2.00E-05 8.00E-06
0.236 0.00E+00 0.00E+00 0•00E+00 1.70E-05
0.332 0.00E+00 0.00E+00 0.00E+00 4.50E-05
0.334 0•00E+00 0.00E+00 0•00E+00 2.20E-05
0.435 0•00E+00 0•00E+00 0•00E+00 1.70E-05
0.525 0•00E+00 0.00E+00 0.00E+00 4.40E-05
0.617 0.00E+00 0.00E+00 0.00E+00 4.60E-05
Z (CM) 11C2H2C12 12C2H2C12 CHCI3 cci4
0.000 0•00E+00 0.00E+00 0.00E+00 0.00E+00
0.046 5.70E-05 1.71E-04 3.00E-06 1.61E-04*
0.071 8.60E-05 2.57E-04 4.00E-06 1.52E-04
0.088 1.06E-04 3.14E-04 5.00E-06 1.52E-04
0.099 1.34E-04 4.04E-04 6.00E-06 1.39E-04
0.119 1.91E-04 5.55E-04 9.00E-06 1.43E-04
0.138 2.41E-04 5.96E-04* 1.20E-05 1.58E-04
0.152 2.63E-04* 4.55E-04 2.10E-05 1.19E-04
0.174 8.00E-06 3.90E-05 2.20E-05* 4.80E-05
0.190 3.00E-06 2.00E-05 6.00E-06 3.00E-05
0.236 0.00E+00 0.00E+00 6.00E-06 0.00E+00
0.332 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.334 0.00E+00 0.00E+00 0.00E+00 - .0.00E+00
0.435 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.525 0.00E+00 0.00E+00 0•00E+00 0.00E+00
0.617 0.00E+00 0.00E+00 0•00E+00 0.00E+00
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Mole Fractions
Z (CM) c2hci3 c 2ci4 HC1 h 2o
0.000 0.00E+00 0.00E+00 0•00E+00 0.00E+00
0.046 1.81E-04 4.40E-05 2.43E-02 6.48E-02
0.071 2.84E-04 6.80E-05 3.94E-02 7.68E-02
0.088 3.66E-04 7.80E-05 4.88E-02 8.49E-02
0.099 4.46E-04 8.70E-05 6.08E-02 9.14E-02
0.119 6.27E-04 7.90E-05 8.77E-02 1.05E-01
0.138 6.45E-04* 3.30E-05 1.17E-01 1.20E-01
0.152 4.92E-04 1.80E-05 1.33E-01 1.28E-01
0.174 5.00E-05 3.60E-05 1.47E-01 1.46E-01*
0.190 4.50E-05 1.19E-04 * 1.46E-01 1.45E-01
0.236 0.00E+00 0.00E+00 1.50E-01* 1.42E-01
0.332 2.00E-06 0.00E+00 1.49E-01 1.37E-01
0.334 0.00E+00 0•00E+00 1.48E-01 1.39E-01
0.435 0•00E+00 0.00E+00 1.46E-01 1.35E-01
0.525 0.00E+00 0.00E+00 1.47E-01 1.37E-01
0.617 0.00E+00 0.00E+00 1.47E-01 1.37E-01
Atom Balances
Z (CM) hb a l CBAL
0.000 1.00E+00 1.00E+00
0.046 1.07E+00 1.03E+00*
0.071 1.07E+00 1.02E+00
0.088 1.07E+00 1.02E+00
0.099 1.07E+00* 1.02E+00
0.119 1.07E+00 9.95E-01
0.138 1.07E+00 9.55E-01
0.152 1.07E+00 9.37E-01
0.174 1.05E+00 9.32E-01
0.190 1.04E+00 9.20E-01
0.236 1.02E+00 9.40E-01
0.332 1.00E+00 9.51E-01
0.334 1.03E+00 9.77E-01
0.435 1.02E+00 9.80E-01
0.525 1.03E+00 9.78E-01
0.617 1.03E+00 9.77E-01
z0
0
0
0
0
0
0
0
0
0
0
0
Temperatures
(CM)
.043
.060
.077
.106
.128
.147
.170
.199
.261
.301
.399
.601
TC R (K)
1730
1800
1830
1860
1870
1870
1870
1860
1840
1830
1810
1780
Tuc
1690
1750
1780
1810
1820
1820
1820
1810
1790
1780
1770
1740
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Flame V 
Cl/H = 0.34 
<t> = 1.01
222
Mole Fractions
Z (CM) H2 co2 °2 n2
0.000 0.00E+00 0.00E+00 1.83E-01* 6.90E-01
0.027 1.74E-03 3.15E-02 1.21E-01 6.90E-01
0.047 1.73E-03 3.55E-02 1.11E-01 6.85E-01
0.062 1.99E-03 4.12E-02 1.01E-01 6.91E-01
0.082 2.09E-03 4.82E-02 8.79E-02 6.97E-01
0.106 2.44E-03 6.23E-02 6.17E-02 6.92E-01
0.123 2.73E-03* 6.97E-02 4.78E-02 6.95E-01
0.144 2.20E-03 8.28E-02 2.72E-02 6.96E-01
0.156 0•00E+00 9.62E-02 1.54E-02 7.12E-01
0.179 0.00E+00 1.08E-01 9.03E-03 7.12E-01
0.194 0.00E+00 1.11E-01 6.83E-03 7.11E-01
0.251 0.00E+00 1.18E-01 4.14E-03 7.13E-01
0.294 0.00E+00 1.19E-01 3.20E-03 7.08E-01
0.298 0.00E+00 1.18E-01 2.64E-03 7.05E-01
0.400 0.00E+00 1.23E-01 2.06E-03 7.10E-01
0.597 8.91E-04 1.27E-01* 1.22E-03 7.20E-01*
Z (CM) CO ch4 C 2H2 C 2H4
0.000 0.00E+00 6.13E-02* 0•00E+00 0•00E+00
0.027 1.44E-02 3.23E-02 1.25E-03 1.05E-04
0.047 1.61E-02 2.88E-02 1.41E-03 1.19E-04
0.062 1.84E-02 2.54E-02 1.63E-03 1.37E-04
0.082 2.10E-02 2.09E-02 1.90E-03 1.57E-04
0.106 2.59E-02 1.17E-02 2.40E-03 1.93E-04
0.123 2.87E-02 7.21E-03 2.66E-03 1.98E-04*
0.144 3.22E-02* 7.49E-04 2.70E-03* 5.50E-05
0.156 2.67E-02 0.00E+00 1.32E-04 0•00E+00
0.179 1.72E-02 0•00E+00 1.40E-05 0.00E+00
0.194 1.42E-02 0.00E+00 4.00E-06 0.00E+00
0.251 8.96E-03 0.00E+00 0.00E+00 0.00E+00
0.294 7.92E-03 0•00E+00 0.00E+00 0.00E+00
0.298 7.63E-03 0.00E+00 0« 00E+00 0.00E+00
0.400 5.28E-03 0.00E+00 0.00E+00 0.00E+00
0.597 3.77E-03 0•00E+00 0.00E+00 0.00E+00
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Mole Fractions
Z (CM) C 2H 6 CH3CI c 2h3ci ch2ci2
0. 000 0.00E+00 0.00E+00 0.00E+00 6.28E-02*
0.027 0•00E+00 1.78E-04 2.28E-04 4.80E-02
0.047 0.00E+00 2.04E-04 2.64E-04 4.39E-02
0.062 0.00E+00 2.36E-04 3.08E-04 4.05E-02
0.082 0•00E+00 2.76E-04 3.65E-04 3.19E-02
0.106 0.00E+00 3•29E-04 * 4.66E-04 * 1.49E-02
0.123 0.00E+00 2.97E-04 4.58E-04 6.96E-03
0.144 0.00E+00 8.00E-06 4.50E-05 2.40E-05
0.156 0.00E+00 0.00E+00 4.00E-06 1.10E-05
0.179 0.00E+00 0.00E+00 0.00E+00 7.00E-06
0.194 0.00E+00 0.00E+00 0•00E+00 9.00E-06
0.251 0.00E+00 0.00E+00 0•00E+00 0•00E+00
0.294 0•00E+00 0.00E+00 0.00E+00 1.00E-05
0.298 0•00E+00 0.00E+00 0.00E+00 9.-00E-06
0.400 0.00E+00 0.00E+00 0.00E+00 2.30E-05
0.597 0.00E+00 0■00E+00 0.00E+00 2.50E-05
Z (CM) 11C2h2c12 12C2H2C12 CHCI3 c c i4
0.000 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.027 8.90E-05 2.07E-04 2.80E-05 2.54E-04
0.047 1.06E-04 2.44E-04 7.00E-06 1.66E-04
0.062 1.30E-04 3.39E-04 3.40E-05 1.62E-04
0.082 1.61E-04 3.57E-04 9.00E-06 2.05E-04
0.106 2.37E-04 4.85E-04 * 4.30E-05 - 2.58E-04*
0.123 2.77E-04* 4.40E-04 2.30E-05 1.87E-04
0.144 1.45E-04 1.80E-05 7.40E-05* 1.60E-05
0.156 0.00E+00 8.00E-06 8.00E-06 1.26E-04
0.179 0.00E+00 0.00E+00 6.20E-05 1.70E-05
0.194 0.00E+00 0.00E+00 1.80E-05 0.00E+00
0.251 0•00E+00 0.00E+00 5.10E-05 0.00E+00
0.294 0•00E+00 0.00E+00 1.30E-05 0.00E+00
0.298 0•00E+00 0.00E+00 4.10E-05 0.00E+00
0.400 0.00E+00 0.00E+00 2.50E-05 0■00E+00
0.597 0.00E+00 0.00E+00 5.20E-05 0.00E+00
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Mole Fractions
Z (CM) C 2HC13 C 2C14 HC1 h 2o
0.000 0.00E+00 0.00E+00 0•00E+00 0.00E+00
0.027 3.38E-04 8.70E-05 2.66E-02 4.71E-02
0.047 4.11E-04 8.30E-05 3.38E-02 5.47E-02
0.062 5.24E-04 1.00E-04 4.10E-02 6.43E-02
0.082 6.67E-04 1.15E-04 5.85E-02 7.66E-02
0.106 9.98E-04* 7.90E-05 8.97E-02 9.31E-02
0.123 8.65E-04 5.80E-05 1.07E-01 1.05E-01
0.144 5.20E-05 4.00E-06 1.26E-01 1.17E-01
0.156 1.80E-05 2.21E-04* 1.29E-01 1.28E-01*
0.179 1.00E-06 2.80E-05 1.29E-01 1.27E-01
0.194 0.00E+00 5.00E-06 1.29E-01 1.27E-01
0.251 0•00E+00 0.00E+00 1.30E-01 1.25E-01
0.294 0.00E+00 0.00E+00 1.29E-01 1.23E-01
0.298 0.00E+00 0.00E+00 1.28E-01 1.25E-01
0.400 0•00E+00 0.00E+00 1.29E-01 1.21E-01
0.597 0.00E+00 0•00E+00 1.31E-01* 1.22E-01
Atom Balances
Z (CM) h b al CBAL
0.000 1.00E+00 1.00E+00
0.027 9.55E-01 1.06E+00
0.047 9.65E-01 1.05E+00
0.062 9.77E-01 1.06E+00*
0.082 9.92E-01 1.04E+00
0.106 9.89E-01 1.00E+00
0.123 1.01E+00 9.83E-01
0.144 9.99E-01 9.74E-01
0.156 1.01E+00* 9.63E-01
0.179 1.00E+00 9.78E-01
0.194 1.00E+00 9.82E-01
0.251 9.91E-01 9.90E-01
0.294 9.87E-01 9.96E-01
0.298 9.97E-01 9.93E-01
0.400 9.72E-01 1.01E+00
0.597 9.76E-01 1.01E+00
Temperatures
Z (CM) TUC(K) t c r (K)
0.083 1600 1680
0.112 1780 1720
0.133 1740 1790
0.155 1790 1840
0.175 1820 1870
0.199 1830 1890
0.248 1830 1880
0.299 1820 1880
0.400 1810 1860
0.594 1780 1830
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Flame VI 
Cl/H = 0.062 
<j> = 0.81
227
Mole Fractions
Z (CM) H2
CM
Ou
°2 n2
0.000 0.00E+00 0.00E+00 1.98E-01* 7.10E-01
0.025 2.00E-03 2.36E-02 1.47E-01 7.42E-01
0.049 2.30E-03 3.50E-02 1.18E-01 7.56E-01
0.065 2.70E-03 4.66E-02 9.16E-02 7.56E-01
0.089 0.00E+00 6.98E-02 5.19E-02 7.78E-01
0.109 0•00E+00 8.45E-02 4.42E-02 8.03E-01
0.121 0.00E+00 8.55E-02 4.13E-02 7.79E-01
0.147 0•00E+00 8.44E-02 4.04E-02 7.86E-01
0.169 0.00E+00 8.87E-02 3.96E-02 7.80E-01
0.193 0.00E+00 8.96E-02 3.89E-02 7.83E-01
0.225 0.00E+00 9.02E-02 3.90E-02 7.85E-01
0.279 0•00E+00 9.31E-02 3.96E-02 8.04E-01
0.325 0•00E+00 9.13E-02 3.86E-02 7.89E-01
0.415 0•00E+00 9.41E-02* 3.94E-02 8.12E-01*
0.623 9.80E-03* 9.37E-02 8.35E-04 - 7.59E-01
0.623 0.00E+00 9.18E-02 3.86E-02 7.90E-01
0.623 0.00E+00 9.19E-02 3.93E-02 7.91E-01
0.663 0•00E+00 9.10E-02 3.78E-02 7.81E-01
Z (CM) CO ch4 C 2H2 C 2H4
0.000 0•00E+00 7.50E-02* 0•00E+00 0.00E+00
0.025 9.10E-03 4.19E-02 2.02E-04 2.55E-04
0.049 1.31E-02 2.84E-02 3.07E-04 3.90E-04
0.065 1.69E-02 1.54E-02 4.20E-04* 5.32E-04*
0.089 1.80E-02 0•00E+00 1.10E-05 1.40E-05
0.109 7.70E-03 0.00E+00 0.00E+00 0.00E+00
0.121 4.94E-03 0.00E+00 0.00E+00 0.00E+00
0.147 3.06E-03 0.00E+00 0.00E+00 0.00E+00
0.169 2.18E-03 0.00E+00 0.00E+00 0.00E+00
0.193 1.74E-03 0.00E+00 0.00E+00 0.00E+00
0.225 1.38E-03 0.00E+00 0.00E+00 0.00E+00
0.279 1.00E-03 0.00E+00 0.00E+00 0.00E+00
0.325 7.20E-04 0.00E+00 0.00E+00 0.00E+00
0.415 • 4.80E-04 0.00E+00 0.00E+00 0•00E+00
0.623 2.56E-02* 0.00E+00 0.00E+00 0.00E+00
0.623 0•00E+00 0.00E+00 0.00E+00 0.00E+00
0.623 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.663 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Mole Fractions
Z (CM) C 2H 6 CH3CI C 2H3C1 CH2C12
0.000 0.00E+00 0.00E+00 0•00E+00 1.00E-02*
0.025 8.30E-05 5.30E-05 1.27E-04 7.43E-03
0.049 1.24E-04 * 8.10E-05 2.01E-04 5.55E-03
0.065 1.22E-04 1.10E-04* 2.80E-04* 2.92E-03
0.089 0.00E+00 8•00E-06 4.00E-06 0•00E+00
0.109 0.00E+00 0.00E+00 0.00E+00 3.00E-06
0.121 0.00E+00 0•00E+00 0.00E+00 2.00E-06
0.147 0•00E+00 0•00E+00 0.00E+00 4.00E-06
0.169 0•00E+00 0.00E+00 0.00E+00 0.00E+00
0.193 0.00E+00 0.00E+00 0.00E+00 4.00E-06
0.225 0.00E+00 0.00E+00 0.00E+00 4.00E-06
0.279 0.00E+00 0•00E+00 0•00E+00 4.00E-06
0.325 0.00E+00 0.00E+00 0.00E+00 6.00E-06
0.415 0.00E+00 0.00E+00 0.00E+00 5.00E-06
0.623 0•00E+00 0■00E+00 0.00E+00 0.00E+00
0.623 0.00E+00 0.00E+00 0.00E+00 3.00E-06
0.623 0•00E+00 0.00E+00 0.00E+00 2.00E-06
0.663 0.00E+00 0•00E+00 0.00E+00 2.10E-05
Z (CM) 11C 2H2C12 *2C 2H2C*2 CHCI3 cc i4
0.000 0.00E+00 0.00E+00 0•00E+00 0 * 00E+00
0.025 1.10E-05 7.00E-06 4.00E-06 2.00E-05*
0.049 1.40E-05 1.00E-05 4.00E-06 9.00E-06
0.065 3.00E-05* 1.50E-05* 6.00E-06 0.00E+00
0.089 3.00E-06 0.00E+00 0.00E+00 0.00E+00
0.109 0.00E+00 0.00E+00 1.10E-05 0.00E+00
0.121 0.00E+00 0.00E+00 8.00E-06 0•00E+00
0.147 0.00E+00 0.00E+00 1.20E-05* 0.00E+00
0.169 0.00E+00 0.00E+00 9.00E-06 0.00E+00
0.193 0.00E+00 0.00E+00 8.00E-06 0•00E+00
0.225 0.00E+00 0.00E+00 4.00E-06 0.00E+00
0.279 0.00E+00 0.00E+00 9.00E-06 0.00E+00
0.325 0.00E+00 0.00E+00 6.00E-06 0.00E+00
0.415 0.00E+00 0.00E+00 9.00E-06 0.00E+00
0.623 0.00E+00 0.00E+00 0•00E+00 0.00E+00
0.623 0.00E+00 0.00E+00 6.00E-06 0.00E+00
0.623 0.00E+00 0.00E+00 5.00E-06 0.00E+00
0.663 0.00E+00 0.00E+00 4.00E-06 0.00E+00
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Mole Fractions
Z (CM) C 2HC13 C 2C14 HC1 X to O
0.000 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.025 7.00E-06 6.00E-06 5.68E-03 6.39E-02
0.049 4.00E-06 9.00E-06* 9.45E-03 1.02E-01
0.065 1.50E-05* 6.00E-06 1.49E-02 1.28E-01
0.089 3.00E-06 0•00E+00 2.19E-02 1.72E-01
0.109 0.00E+00 0•00E+00 2.26E-02 1.83E-01
0.121 0.00E+00 0•00E+00 2.19E-02 1.76E-01
0.147 0.00E+00 0.00E+00 2.21E-02 1.86E-01
0.169 0.00E+00 0.00E+00 2.19E-02 1.76E-01
0.193 0.00E+00 0.00E+00 2.20E-02 1.78E-01
0.225 0.00E+00 0.00E+00 2.21E-02 1.78E-01
0.279 0.00E+00 0.00E+00 2.26E-02 1.82E-01
0.325 0.00E+00 0.00E+00 2.22E-02 1.80E-01
0.415 0.00E+00 0.00E+00 2.28E-02* 1.85E-01
0.623 0.00E+00 0.00E+00 2.14E-02 2.09E-01*
0.623 0.00E+00 0.00E+00 2.22E-02 1.80E-01
0.623 0.00E+00 0.00E+00 2.23E-02 1.79E-01
0.663 0•00E+00 0.00E+00 2.20E-02 1.78E-01
Atom Balances
Z (CM) h b a l CBAL
0. 000 1.00E+00 1.00E+00
0.025 9.65E-01 9.40E-01
0.049 1.02E+00 9.32E-01
0.065 1.02E+00 9.37E-01
0.089 1.05E+00 9.44E-01
0.109 1.07E+00 9.59E-01
0.121 1.07E+00 9.70E-01
0.147. 1.11E+00 9.30E-01
0.169 1.06E+00 9.74E-01
0.193 1.07E+00 9.75E-01
0.225 1.07E+00 9.75E-01
0.279 1.07E+00 9.78E-01
0.325 1.07E+00 9.74E-01
0.415 1.07E+00 9.73E-01
0.623 1.34E+00* 1.31E+00*
0.623 1.07E+00 9.71E-01
0.623 1.07E+00 9.70E-01
0.663 1.07E+00 9.73E-01
Temperatures
Z (CM) TU C (K) tc r (k )
0.060 1640 1680
0.088 1710 1750
0.101 1730 1770
0.155 1730 1770
0.202 1720 1760
0.291 1700 1740
0. 401 1690 1720
0.609 1660 1700
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